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ABSTRACT 

This  report  covers  in  detail  the  solid  state  research  work  of  the  Solid 
State  Division  at  Lincoln  Laboratory  for  the  period  1  November 
1983  through  31  January  1984.  The  topics  covered  are  Solid  State 
Device  Research,  Quantum  Electronics,  Materials  Research,  Micro¬ 
electronics,  and  Analog  Device  Technology.  Funding  is  primarily 
provided  by  the  Air  Force,  with  additional  support  provided  by  the 
Army,  DARPA,  Navy,  NASA,  and  DOE. 
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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

The  InP  mass-transport  technique  has  been  used  to  improve  chemically  etched  mirrors  for  GalnAsP/ 
InP  buried-heterostructure  lasers.  Devices  with  one  such  mirror  and  a  second  cleaved  mirror  show 
high  device  yield,  threshold  currents  as  low  as  5  mA,  and  differential  auantum  efficiency  as  high  as 
33  percent. 

The  performance  of  an  electroabsorptive  CCD  spatial  light  modulator  in  electrical  signal  correlation 
has  been  analyzed.  In  the  space-integrating  mode,  such  a  correlator  should  have  a  dynamic  range 
from  20  to  40  dB.  When  operated  as  a  time-integrating  correlator,  the  range  improves  to  35  to  55  dB. 

2.  QUANTUM  ELECTRONICS 

The  tuning  range  of  the  Ti:Al203  laser  has  been  extended  to  cover  the  wavelength  region  from  660  to 
986  nm.  Operation  at  1060  nm  with  a  5-percent  differential  power  efficiency  has  been  obtained  from 
a  flashlamp-pumped  laser  rod  of  the  sensitized  garnet  Nd:Cr:Gd3Sc2Ga30[2  (GSGG). 

Tunable,  actively  mode-locked  operation  of  a  CW  Co:MgF2  laser  has  produced  pulses  as  short  as 
36  ps  in  the  1.6-  to  2.0-Aim  region  and  average  output  powers  of  2  W.  A  23-ps  output  was  obtained 
from  a  Ni:MgF2  laser. 

Quantum-fluctuation  linewidth  broadening,  including  relaxation  sideband  resonances,  has  been  stud¬ 
ied  in  GaAlAs  diode  lasers  as  a  function  of  power  from  1.7  to  300  K..  The  power-independent 
linewidth  was  consistent  with  a  phenomenological  model  involving  electron-number  fluctuations.  In 
agreement  with  theory,  the  relative  strength  of  the  relaxation-sideband  resonances  decreased  linearly 
with  increasing  laser  power. 

3.  MATERIALS  RESEARCH 

Secondary-ion  mass  spectroscopic  analysis  has  shown  that  oxygen  is  strongly  concentrated  at  the 
sub-boundaries  in  zone-melting-recrystallized  silicon-on-insulator  films  prepared  by  the  graphite- 
strip-heater  technique.  This  observation  suggests  that  the  formation  of  sub-boundaries  during  recrystallization 
may  be  caused  by  constitutional  supercooling  resulting  from  the  presence  of  oxygen  that  is  dissolved 
into  the  molten  Si  zone  from  the  adjacent  Si02  layers. 

Bipolar  npn  transistor  structures  with  emitter-base  junction  depths  and  base  widths  of  only  about 
0. 1  Atm  have  been  obtained  by  implantation  of  B+  and  As+  ions  into  amorphous  layers  formed  in 
n-Si  wafers  by  the  prior  implantation  of  Si+  ions.  The  implanted  dopant  atoms  are  activated  by 
thermal  annealing,  which  results  in  the  recrystallization  of  the  amorphous  layers  by  solid-phase  epi¬ 
taxy  to  form  single-crystal  regions  that  are  almost  free  of  defects  near  the  emitter-base  and  base- 
collector  junctions. 


Samples  of  nominally  undoped,  n-type  InP  have  been  supplied  to  the  Royal  Signals  and  Radar 
Establishment,  United  Kingdom,  for  characterization  by  means  of  low-temperature  photolumines¬ 
cence  measurements  at  high  magnetic  fields.  The  photoluminescence  data  indicate  that  S  is  the  dom¬ 
inant  donor  in  the  highest-purity  polycrystalline  ingots,  while  in  high-purity  InP  boules  grown  by  the 
liquid-encapsulated  Czochralski  method  the  principal  donor  is  an  unidentified  species  (possibly  a 
native  defect),  with  S  as  a  significant  species  and  Si  as  a  minor  one. 

The  accuracy  of  measuring  the  depth  profiles  of  traps  in  semiconductor  samples  by  deep-level  tran¬ 
sient  spectroscopy  has  been  increased  by  using  a  system  that  incorporates  a  servo-feedback  circuit  to 
adjust  the  DC  bias  voltage  so  that  the  depletion  width  and  therefore  the  region  sampled  do  not  vary 
as  the  temperature  is  increased.  In  measurements  on  a  GaAs  epilayer  grown  on  a  dry-etched  GaAs 
substrate,  we  found  that  the  density  of  the  principal  electron  traps  generally  decreases  with  increasing 
distant  from  the  substrate. 

GaAs  metal-semiconductor  field-effect  transistors  have  been  fabricated  for  the  first  time  on  mono¬ 
lithic  GaAs,/ Si  substrates,  which  were  prepared  by  growing  GaAs  layers  on  Ge-coated  Si  wafers.  The 
transistors  exhibit  good  operating  characteristics,  with  maximum  transconductance  of  105  mS/mm 
for  a  gate  length  of  2.1  nm. 

4.  MICROELECTRONICS 

A  digital  post-processor  for  a  CCD  time-integrating  correlator  has  been  used  to  remove  pattern  noise 
and  to  increase  integration  times  to  more  than  1  s.  The  combined  CCD/digital  system  has  demon¬ 
strated  a  process  gain  of  70  dB  with  a  bandwidth  of  10  MHz.  The  removal  of  the  pattern  noise 
increased  the  effective  CCD  dynamic  range  to  a  value  of  67  dB  based  on  the  device  temporal  noise. 

Damage  induced  in  GaAs  by  ion-beam  etching  with  Ar,  reactive-ion  etching  with  CF4  and  CHFj, 
and  ion-beam-assisted  etching  with  Ar  on  Cl2  has  been  studied.  The  degree  of  damage  was  deter¬ 
mined  by  evaluating  Schottky  diodes  fabricated  on  the  etched  surfaces  and  by  using  deep-level  tran¬ 
sient  spectroscopy.  We  found  that  variations  in  the  etching  conditions  had  a  strong  effect  on  the 
measured  characteristics  of  the  samples. 

Vapor  phase  epitaxy  of  high-quality  GaAs  films  using  chloride  transport  has  been  achieved  at 
a  growth  temperature  of  500°C.  The  films  are  grown  at  atmospheric  pressure  in  a  conventional 
AsClrGaAs-H2  reactor.  The  addition  of  AsH^  to  the  gas  flow  over  the  GaAs  source  is  the  key 
element  in  achieving  high-quality  epitaxial  films  at  this  low  temperature. 

An  improved  system  for  ion-beam-assisted  etching  has  been  developed.  Structures  with  aspect  ratios 
in  excess  of  40:1  have  been  etched  in  GaAs.  In  addition,  5-percent  etch  uniformity  has  been  achieved 
over  areas  as  large  as  4  cm2. 

Fabrication  procedures  for  submicrometer-gatelength  GaAs  MESFETs  are  being  developed.  Deep 
UV  lithography  and  novel  process  sequences  are  used  to  achieve  the  required  resolution.  Initial 
devices  show  great  promise,  with  a  maximum  available  gain  of  6.5  dB  at  18  GHz. 
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A  planar  GaAs  PIN  photodiode  has  been  developed  which  exhibits  an  impulse  response  of  19-ps 
FWHM  to  4-ps  pulses  from  a  near-infrared  laser.  The  external  quantum  efficiency  of  this  device 
exceeds  10  percent  at  a  -J.5-V  bias. 

5.  ANALOG  DEVICE  TECHNOLOGY 

Four  1.4-/us-long  and  two  22-/us-long  elastic  convolvers  with  100-MHz  bandwidth  have  been  devel¬ 
oped  and  integrated  into  a  high-speed  switching  matrix  contained  on  a  densely  packed  stripline 
circuit  board.  The  circuit  sequentially  connects  convolvers  to  provide  continuous  demodulation  of 
spread-spectrum  communication  signals  at  both  high  and  low  data  rates.  Measurements  of  the  main- 
lobe  /side-lobe  rms  ratios  of  correlation  waveforms  for  a  pseudorandom  code  yield  29.8  dB  for  the 
long  convolvers  and  16.5  dB  for  the  short,  both  close  to  theoretical  values. 

A  concept  has  been  further  developed  for  using  a  holographically  written  electroacoustic  grating  in 
bulk  LiNbC>3  to  form  high-frequency  acoustic  filters.  Mode-coupling  calculations  using  previously 
measured  electroacoustic  coefficients  predict  a  bulk-acoustic-wave  reflection  coefficient  per  grating 
element  of  2.7  X  KT4  at  a  typical  strength  of  50  kV/cm  for  the  stored  periodic  electric  field.  A 
device  is  being  fabricated  which  should  provide  strong  interaction  between  the  acoustic  wave  and  the 
charge  grating. 
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1.  SOLID  STATE  DEVICE  RESEARCH 

1.1  LOW-THRESHOLD  GalnAsP/InP  BURIED-HETEROSTRUCTURE  LASERS 

WITH  A  CHEMICALLY  ETCHED  AND  MASS-TRANSPORTED  MIRROR 

Chemically  etched  mirrors1-6  are  potentially  very  important  for  monolithic  optoelectronic 
integration  and  for  short  or  coupled  cavity  lasers.  However,  the  etched  mirrors  reported  to 
date1-6  were  generally  not  flat,  not  vertical,  or  not  easily  applicable  to  the  conventional 
buried-heterostructure  lasers.  These  problems  can  be  solved  by  using  the  recently  developed 
mass-transport  technique,7  and  promising  initial  results  are  described  below. 

Figure  l-l(a-c)  illustrates  the  formation  of  a  chemically  etched  mirror  facet  and  the  sub¬ 
sequent  smoothing  of  the  facet  by  using  the  mass-transport  phenomenon.  The  etched  profile 
in  Figure  l-l(b)  is  obtained  by  a  repeated  use  of  a  mixture  of  H3PO4  and  HC1  (see  Refer¬ 
ences  8  and  9)  and  an  aqueous  solution  of  K3Fe(CN)6  and  KOH.  The  mass  transport  is 
carried  out  by  heating  the  wafer  at  a  temperature  of  670°  to  690°C  in  H2  and  PH3 
atmosphere.7 

Figure  l-2(a-b)  shows  SEM  photographs  of  the  cross  sections  of  samples  before  and 
after  the  mass  transport.  Note  that  a  smooth  mirror  surface  is  obtained  after  transport,  and 
that  the  GalnAsP  active  region  is  totally  buried  in  InP. 

To  fabricate  the  “transported  mirror”  on  a  stripe-geometry  laser,  we  start  with  a  mass- 
transported  GalnAsP/ InP  buried-heterostructure  (BH)  laser  wafer7  in  which  the  laser  stripe 
edge  is  parallel  to  the  (Oil)  crystallographic  planes;  at  the  end  of  each  laser  mesa,  a  planar 
region  is  retained.  The  transported  mirror  is  then  formed  in  that  planar  region,  as  shown  in 
the  SEM  perspective  view  of  Figure  l-3(a).  For  comparison,  a  BH  laser  mesa  with  a 
cleaved-mirror  facet  is  shown  in  Figure  l-3(b). 

After  metallization  and  dicing,  the  finished  BH  lasers  have  one  transported  mirror  and 
one  cleaved  mirror.  They  are  conveniently  characterized  by  using  the  emission  from  the 
cleaved  mirror  because  the  transported  mirror  is  coated  during  fabrication  with  phospho- 
silicate  glass  and  Ti/Au  metallization  layers.  A  high  yield  of  good  BH  lasers  has  been 
obtained.  For  example,  50  percent  of  some  40  devices  tested  from  Wafer  657  show  thresh¬ 
old  currents  between  5  and  10  mA.  Figure  l-4(a-b)  shows  the  CW  light-current  characteris¬ 
tics  and  emission  spectra  of  one  device  from  Wafer  655  mounted  p-side  up. 

It  should  be  noted  that  the  present  threshold  currents  are  significantly  lower  than  the 
>50-mA  values  previously  reported1-4  for  GalnAsP/ InP  lasers  with  etched  mirrors,  and  are 
comparable  to  the  lowest  achieved  for  the  lasers  with  both  mirrors  cleaved.  Nevertheless, 
further  improvements  in  threshold  current,  efficiency,  and  mode  behavior  might  be  obtained 
by  using  a  better  mirror  coating  and  a  shorter  cavity. 

Z.L.  Liau 
J.N.  Walpole 
D.Z.  Tsang 
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Figure  1-3.  SEM  photographs  showing  perspective  views  of  (a)  transported  and  (b)  cleaved  mirrors. 
Active  layer  is  stained  for  contrast. 
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Figure  1-4.  (a)  Light-current  characteristics  and  (b)  emission  spectra 
of  a  GalnAsP/lnP  BH  laser  with  a  transported  mirror. 


1.2  SIGNAL  CORRELATION  USING  A  ONE-DIMENSIONAL  ELECTRO- 

ABSORPTIVE  CCD  SPATIAL  LIGHT  MODULATOR 

Electrically  addressed  spatial  light  modulation  (SLM)  can  be  carried  out  in  a  GaAs 
charge-coupled  device  (CCD)  by  charge  transfer  control  of  the  electroabsorption  in  the  indi¬ 
vidual  storage  wells.  One-dimensional  modulator  arrays  may  be  utilized  in  both  space-  and 
time-integrating  correlators  operated  as  incoherent  optical  processors.  In  the  space-integrating 
case,  one  SLM  controlled  by  the  input  signal  is  operated  in  cascade  with  a  second  SLM 
controlled  by  a  reference  waveform.  This  arrangement  yields  a  single-detector  output  which 
is  the  correlation  as  a  function  of  time.  In  the  time-integrating  correlator,  the  input  signal  is 
carried  by  the  light  source  while  a  single  SLM  with  a  traveling  reference  wave  controls  the 
output  intensity  to  a  detector  array.  The  modulator  arrays  may  be  operated  with  the  light 


5 


at  normal  incidence  to  a  CCD  with  transparent  gates  or  in  a  guided-wave  mode,  where  the 
light  propagates  beneath  the  gate  electrodes  and  parallel  to  the  surface.  The  calculated 
dynamic  range  is  greater  for  the  guided-wave  case  because  of  the  greater  depth  of  modula¬ 
tion,  although  the  fabrication  and  optical  coupling  are  more  critical.  Space-integrating  corre¬ 
lator  performance  is  limited  by  “bleaching”  or  well-filling  by  the  modulated  light,  and  pre¬ 
dicted  dynamic  ranges  are  20  dB  for  normal-incidence  operation  and  40  dB  for  the 
guided-wave  mode.  In  the  time-integrating  correlator,  saturation  of  the  detector  array  is  lim¬ 
iting,  but  the  100-percent  modulation  available  in  the  input  optical  source  yields  35-dB 
dynamic  range  for  normal-incidence  and  55  dB  for  guided-wave  operation.10 

R.H.  Kingston 
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2.  QUANTUM  ELECTRONICS 

2.1  RECENT  ADVANCES  IN  SOLID  STATE  LASERS 

The  TkA^Oj  laser  described  previously  *  2  has  the  potential  for  broad  tunability  because 
of  the  large  fluorescence  linewidth  and  the  lack  of  excited-state  absorption.  In  earlier  exper¬ 
iments.2  a  TiiAl-jOj  laser,  tuned  by  two  intracavity,  Brewster-angle,  fused  silica  prisms  and 
pumped  by  a  pulsed  dye  laser,  had  demonstrated  an  operation  over  the  687-  to  821-nm 
range.  Recently,  a  set  of  mirrors  coated  for  longer-wavelength  operation  was  used  in  this 
system.  At  a  pump  energy  of  20  mJ  (at  ~580  nm),  the  TkA^Oj  laser  oscillated  out  to  a 
wavelength  of  986  nm  which,  from  previously  measured  data,1  is  far  into  the  long- 
wavelength  tail  of  the  fluorescence  spectrum.  The  upper  limit  of  the  lasing  wavelength  is 
longer  than  expected,  and  suggests  that  a  more  careful  examination  of  the  fluorescence  spec¬ 
tra  of  Ti:Al->03  is  required. 

The  lower  limit  of  the  Ti:Al203  laser  wavelength  is  determined  by  a  combination  of 
increased  absorption  from  the  lower  laser  level  as  the  wavelength  of  the  zero-phonon  line  is 
approached,  and  of  increased  scattering  losses  in  the  laser  crystal  at  shorter  wavelengths. 

Both  effects  combine  to  raise  the  TkA^Oj  laser  threshold  beyond  the  pump-laser  output 
level.  The  2-cm-long  laser  crystal  used  in  the  long-wavelength  measurements  described  above 
was  doped  with  ~0. 1-percent  Ti3+  and  had  a  scattering  loss  of  ~0.05  cm-1  at  750  nm.  A 
3. 2-cm-long  crystal  doped  with  ~0.02-percent  Ti5+  and  having  considerably  lower  scattering 
losses  was  used  in  an  experiment  to  extend  the  short-wavelength  tuning  range.  The  dye  laser 
wavelength  was  shifted  to  ~505  nm  in  order  to  be  more  efficiently  absorbed  by  the  opti¬ 
cally  “thinner"  crystal.  At  18  mJ  of  pump  energy,  the  shortest  wavelength  observed  was 
660  nm;  higher  pumping  levels  should  permit  even  shorter  wavelengths.  The  present  tuning 
range  spans  ~5000  cm-1,  the  longest  of  any  tunable  laser. 

A  series  of  measurements-1  performed  on  various  host  crystals  for  the  Nd1+  ion  indicated 
that  Cr-1+-sensitized  Gd3Sc2Ga30|2  (GSGG)  is  several  times  more  efficient  under  flashlamp- 
pumped  conditions  than  the  more  common  host,  Y3A150|2  (YAG).  However,  the  data 
showed  a  slope  (differential  power)  efficiency  for  the  Nd:Cr:GSGG  laser  of  2.5  percent, 
which  can  be  achieved  by  a  well-designed  Nd.YAG  laser.  To  determine  if  high  absolute  effi¬ 
ciencies  can  be  obtained  from  lasers  using  the  sensitized  garnet  crystal,  several  experiments 
were  carried  out  employing  a  5-mm-diameter  by  75-mm-long  laser  rod  in  an  efficient  optical 
pumping  cavity.  The  doping  level  was  approximately  I  percent  for  both  the  Nd1+  and  Cr1+ 
ions  (see  Reference  4).  The  pump  source,  a  400-Torr  xenon  flashlamp  with  a  4-mm  bore  and 
6.25-cm  arc  length,  was  driven  by  a  resonantly  charged  LC  discharge  circuit  with  a  55-/*F 
capacitance  and  82-jtH  inductance.  The  water-cooled  pump  cavity5  was  constructed  of  a 
samarium-doped  glass  tube  with  a  diffuse  reflector  coated  on  the  outer  surface  of  the  tube. 

Figure  2-1  presents  the  input-output  energy  curves  for  the  system  running  at  a  repetition 
rate  of  20  Hz.  The  laser  cavity  for  these  results  consisted  of  two  flat  mirrors  spaced  33  cm 
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Figure  2-1.  Output  va  input  anargy  at  •  20-Hz  repetition  ret* 
from  a  flashlamp-pumped  Nd:Cr:QSQQ  laser. 


apart  with  an  output  coupling  of  50  percent;  the  threshold  was  2.6  J.  When  the  output 
coupling  was  reduced  to  20  percent,  the  threshold  dropped  to  ~1.2  J,  indicating  that  the 
crystal  losses  were  relatively  low.  The  laser  performance  as  a  function  of  repetition  rate  is 
shown  in  Figure  2-2.  The  rolloff  at  the  highest  rate  is  due  to  the  limited  recharging  rate  of 
the  power  supply.  Up  to  40  W  of  average  power  at  a  30-Hz  rate  was  observed  at  ~32-J/ 
pulse  input  energy.  Higher  outputs  could  not  be  obtained  because  of  the  limited  thermal 
rating  of  the  pump  cavity. 

The  slope  and  overall  efficiencies  of  a  standard  Nd:YAG  laser  rod  in  the  same  pump 
cavity  and  with  the  same  pump  lamp  are  2.5  and  2  percent,  respectively.6  Thus,  the 
Nd:Cr:GSGG  laser,  with  slope  and  overall  efficiencies  of  5  and  4.5  percent,  respectively,  was 
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Figure  2-2.  Average  power  output  vs  pulse  repetition  rate  for  Nd:Cr:GSGG 
laser  at  10-J/pulse  input  level. 


significantly  more  efficient  than  YAG  when  both  lasers  operated  under  more  optimal  condi 
tions  than  previously  reported.  Adjustments  to  the  pump-lamp  parameters  and  the  rod  dop 
ing  levels  may  yield  even  higher  efficiencies  from  the  Nd:Cr:GSGG  laser. 

P.F.  Moulton 


2.2  HIGH  AVERAGE  POWER  MODE-LOCKED  OPERATION 
OF  Co:MgF2  AND  Ni:MgF2  LASERS 

Vibronic  lasers  based  on  Co:MgF2  and  Ni:MgF2  crystals  have  proven  to  be  versatile, 
broadly  tunable  CW  and  pulsed  sources  of  infrared  radiation.7-8  We  report  here  the  first 


tunable,  CW  mode-locked  operation  of  these  lasers.  The  Co:MgF2  and  Ni:MgF2  materials 
have  large  gain  bandwidths  of  2000  and  400  cm-1,  respectively.  The  more  widely  tunable 
Co:MgF2  system  is  especially  interesting,  having  demonstrated  CW  tunability  from  1.55  to 
2.15  fj. m.  These  systems  have  small  gain  cross  sections  (~10~21  cm2)  and  therefore  require 
the  use  of  intracavity  modulation  for  practical  mode-locking. 

Initial  pulse-width  measurements  were  made  using  a  laser  system  which  consisted  of  a 
three-mirror  cavity  containing  a  Brewster  cut  Co:MgF2  (or  Ni:MgF2)  crystal  cooled  in  a 
liquid-nitrogen  Dewar,  a  birefringent  tuning  element,  and  an  acousto-optic  loss  modulator. 

The  laser  was  longitudinally  pumped  by  a  CW  1.33-/nm  Nd:YAG  laser,  and  average  mode- 
locked  output  powers  up  to  100  mW  were  obtained.  Autocorrelation  pulse-width  measure¬ 
ments  showed  that  the  Co:MgF2  produced  pulses  between  36  and  100  ps  over  the  1.65-  to 
2.01 -jim  wavelength  range,  while  the  Ni:MgF2  laser  generated  pulses  between  23  and  50  ps 
over  the  1.61-  to  1.73-jtm  range.  The  variation  of  pulse  width  with  wavelength  is  influenced 
by  structure  in  the  gain  vs  wavelength  curve,  and  by  weak  etalon  effects  within  the  cavity. 
Calculations9  show  these  systems  capable  of  producing  pulses  as  short  as  10  ps.  Elimination 
of  unwanted  etalon  effects  and  improvements  in  system  stability  should  make  this  possible. 

A  Co:MgF2  laser  has  also  been  demonstrated  with  average  mode-locked  powers  of  up 
to  2  W  and  pulse  widths  similar  to  those  produced  by  the  lower  power  laser.  This  laser  had 
a  two-mirror  cavity  with  a  large  mode  waist  in  the  crystal,  which  allowed  pumping  with  a 
high-power,  multiple-transverse-mode  Nd:YAG  laser. 

The  lasers  described  above  have  produced  pulses  shorter  than  most  similar  actively 
mode-locked  lasers,  such  as  the  CW  Nd:YAG  laser.  The  high  power  capability  of  these  la¬ 
sers  makes  possible  extended  tunability  by  nonlinear  techniques  such  as  frequency  doubling 
and  mixing.  These  lasers  should  be  useful  for  studies  of  ultrahigh-speed  properties  of  semi¬ 
conductor  devices  and  optical  fibers. 


B.C.  Johnson 
M.  Rosenbluht 


P.F.  Moulton 
A.  Mooradian 


2.3  TEMPERATURE  DEPENDENCE  OF  QUANTUM  FLUCTUATION  LINEWIDTH 
BROADENING  IN  GaAIAs  DIODE  LASERS 

Measurements  of  the  spectral  lineshape  as  a  function  of  power  have  been  carried  out 
from  room  temperature  down  to  1.7  K  in  order  to  understand  the  influence  of  fundamental 
quantum  fluctuations  on  the  spectral  characteristics  of  single-frequency,  CW,  GaAIAs  diode 
lasers.  Such  information  is  important  for  use  of  these  lasers  in  heterodyne  communications 
and  fiber  optical  sensors.  Previous  measurements10  of  linewidth  as  a  function  of  power  at 
273,  195,  and  77  K  agreed  well  with  a  model11  for  the  linewidth  in  which  spontaneous 


t  Permanent  address:  Physics  Department,  Bar  Ilan  University,  Ramat  Gan,  Israel. 
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emission  caused  fluctuations  in  both  the  phase  and  amplitude  of  the  laser  field.  A  power- 
independent  contribution  to  the  laser  linewidth  was  also  observed12  whose  magnitude 
increased  from  1.9  MHz  at  273  K  to  8.4  MHz  at  77  K.,  and  was  consistent  with  a  phe¬ 
nomenological  model  involving  electron  number  fluctuations  in  the  gain  volume  that  pro¬ 
duced  fluctuations  in  the  resonant  frequency  of  the  passive  cavity.  An  alternative  theory  for 
this  power-independent  broadening  by  Vahala  and  Yariv13  attributed  the  phenomenon  to 
electron  occupation  fluctuations  rather  than  number  fluctuations.  Their  model,  however,  pre¬ 
dicts  a  linewidth  which  approaches  zero  as  the  temperature  approaches  zero.  This  is  in 
sharp  contrast  with  measurements  carried  out  at  temperatures  down  to  1.7  K  in  which  the 
power-independent  linewidth  increases  to  about  40  MHz  at  1.7  K,  as  seen  in  Figure  2-3. 
The  behavior  at  1.7  K  is  consistent  with  the  phenomenological  model  of  Reference  12,  just 
as  the  observed  power-dependent  linewidth  is  consistent  with  the  model  of  Reference  11. 
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Figure  2-3.  Linewidth  of  a  CW  tingle-frequency  Mitsubishi  TJS  laser  at  293  and  1 .7  K. 

The  quantum  fluctuations  in  both  the  field  intensity  and  phase  also  produce  sidebands 
at  the  relaxation  oscillation  resonance14  as  the  perturbed  field  returns  to  steady  state.  The 
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behavior  of  these  sidebands  as  a  function  of  power,  temperature,  and  multimode  operation 
of  the  devices  has  been  studied  here.  Sidebands  due  only  to  fundamental  quantum  fluctua¬ 
tions  occur  when  devices  operate  in  a  single  longitudinal  mode  and  exhibit  an  expected 
integrated  intensity  relative  to  the  main  peak  intensity  which  is  linear  with  reciprocal  power 
in  the  main  mode,  as  is  shown  in  Figure  2-4.  Multi-transverse-mode  operation  results  in  a 
substantial  increase  over  the  fundamental  sideband  intensities,  with  up  to  third-order  side¬ 
bands  being  observed.  Figure  2-5  shows  the  output  spectrum  as  recorded  with  a  Fabry-Perot 
spectrometer  of  the  output  of  a  single-mode  GaAlAs  diode  laser  at  1.7  K  for  various  power 
levels.  The  sideband  resonances  at  about  150  MHz  are  approximately  ten  times  lower  in 
frequency  than  those  measured  at  room  temperature  for  comparable  power  levels  in  the 
same  device. 

J.  Harrison 

A.  Mooradian 
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Figure  2-4.  Integrated  upper-  and  lower-aideband  inteneitiee  relative  to  main  frequency 
inteneity  for  a  Mitsubishi  TJS  CW,  single-frequency  diode  laser  at  20°C. 
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3.  MATERIALS  RESEARCH 


3.1  ROLE  OF  OXYGEN  IN  ZONE-MELTING  RECRYSTALLIZATION 

OF  Si  FILMS  ON  SiOj-COATED  Si  SUBSTRATES 

In  previous  reports,1"5  we  described  a  graphite-strip-heater  technique  for  obtaining  large- 
area,  high-quality  silicon  films  on  Si02  by  zone-melting  recrystallization  (ZMR).  A  typical 
sample  is  prepared  by  coating  a  Si  wafer  with  a  l-/Ltm-thick  thermally  grown  Si02  layer,  a 
0.5-Mm-thick  poly-Si  layer  deposited  by  low-pressure  chemical-vapor  deposition  (LPCVD),  and 
an  encapsulating  layer  consisting  of  a  2-nm  layer  of  CVD  Si02  and  a  30-nm  layer  of  sput¬ 
tered  Si-rich  SijN^  A  narrow  molten  zone  produced  in  the  poly-Si  by  a  movable  upper 
strip  heater  is  translated  across  the  sample,  leaving  a  recrystallized  Si  film.  Almost  all  our 
ZMR  films  (as  well  as  those  prepared  elsewhere,  regardless  of  the  heat  source  used6'9)  con¬ 
tain  low-angle  sub-boundaries  (see  Figure  3-1).  Sub-boundaries  are  typically  formed  in 
regions  where  the  solid-liquid  interface  at  the  trailing  edge  of  the  molten  Si  zone  is  strongly 
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faceted  by  [111]  planes,  with  the  sub-boundaries  originating  at  the  inner  corners  of  the 
facets  (see  Figure  3-2).  We  now  report  an  investigation  of  ZMR  films  by  secondary-ion 
mass  spectrometry  (SIMS)  analysis,  which  shows  that  oxygen  is  strongly  concentrated  along 
the  sub-boundaries.  This  observation  suggests  the  possibility  that  faceting,  and  therefore  sub¬ 
boundary  formation,  may  result  from  constitutional  supercooling  that  occurs  because  of  the 
presence  of  oxygen  introduced  into  the  molten  zone  by  partial  dissolution  of  the  Si02  layers 
bordering  the  Si  film.  (Both  the  SIMS  results  and  other  observations  indicate  that  two 
other  nonplanar  interface  morphologies  —  dendritic  and  cellular  —  are  sometimes  present 
during  recrystallization.  These  probably  have  the  same  basic  origin  as  the  faceted 
morphology.) 
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f  FACETED 
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Figure  3-2.  Schematic  diagram  ihowing  an  initially  planar  solid-liquid  interface 
that  becomes  faceted,  causing  sub-boundaries. 

The  ZMR  Si  films  were  analyzed  for  oxygen,  carbon,  copper,  hydrogen,  and  nitrogen 
with  a  Cameca  IMS-3f  SIMS  instrument  at  the  Solar  Energy  Research  Institute.  Figure  3-3 
shows  depth  profiles  obtained  for  a  sample  from  which  the  encapsulating  layer  was  removed 
by  chemical  etching.  The  high  initial  concentrations  of  oxygen,  carbon,  copper,  and  hydro¬ 
gen  are  probably  due  to  post-etching  surface  contamination.  The  oxygen  profile  in  the  Si 
film  is  asymmetric,  exhibiting  a  substantial  rise  in  concentration  as  the  lower  Si02  interface 
is  approached,  while  the  other  profiles  do  not  appear  to  have  any  noteworthy  features.  Fig¬ 
ure  3-4  is  a  SIMS  map  showing  the  lateral  distribution  of  oxygen  in  a  region  of  the  Si 
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Figure  3-6 .  (a)  Schematic  diagram  showing  oxygen  concentration  at  a  function  of  distance  in  vicinity  of  solid-liquid 
interface,  (b)  Schematic  diagram  showing  liquidus  temperature  Tl  and  melt  temperatures  T  (dashed  lines)  as  functions 
of  distance  in  vicinity  of  solid-liquid  interface. 


film  near  the  lower  Si02  interface.  The  features  observed  have  the  characteristic  configu¬ 
ration  of  the  sub-boundaries,  showing  clearly  that  oxygen  is  concentrated  there.  For  the 
other  impurities,  the  signal-to-noise  ratios  were  too  low  to  permit  mapping. 

The  segregation  of  oxygen  along  the  sub-boundaries  can  be  attributed  to  its  preferential 
incorporation  in  these  locations  during  solidification  of  the  molten  zone,  since  the  depth 
profiles  would  be  symmetric  if  post-solidification  diffusion  of  oxygen  from  the  upper  and 
lower  Si02  layers  was  a  major  factor.  Although  the  zone  scanning  rate  is  about  1  mm/s, 
dissolution  of  Si02  and  subsequent  diffusion  of  oxygen  in  the  melt  occur  so  rapidly  that  for 
films  only  ~0.5  /um  thick  the  molten  zone  becomes  saturated  with  oxygen  at  the  equilibrium 
solubility  limit,  which  is  estimated  to  be  ~3.5  X  10t8  cm-3  (see  Reference  10).  For  oxygen 
in  Si  the  equilibrium  distribution  coefficient  (ke  =  Cs/Cj,  where  C§  and  C;  are  the  concen¬ 
trations  of  oxygen  in  the  solid  and  liquid,  respectively,  at  the  interface)  is  between  0.2  and 
0.3  (see  Reference  II).  At  the  trailing  edge  of  the  molten  zone,  therefore,  oxygen  is  rejected 
from  the  solid  into  the  melt.  At  the  ZMR  scanning  rates,  diffusion  of  oxygen  is  not  rapid 
enough  for  the  liquid  to  reach  equilibrium  in  the  direction  normal  to  the  interface.  There¬ 
fore,  Cj  becomes  greater  than  CL,  the  concentration  of  oxygen  in  the  bulk  of  the  liquid 
away  from  the  interface,  as  shown  in  Figure  3-5(a).  Accordingly,  =  keCj  is  greater  than 
keCL.  In  fact,  Cs  Cl  on  the  average,  i.e.,  the  effective  distribution  coefficient  (ke(f  = 
CS/CL)  is  approximately  unity.1112 

For  a  planar  growth  interface,  Cj  and  therefore  C§  will  be  the  same  all  along  the  inter¬ 
face.  Along  a  faceted  interface,  however,  rejection  of  oxygen  into  the  liquid  during  solidifica¬ 
tion  leads  to  local  variations  in  Cj,  with  Cj  highest  at  the  inner  corners,  as  shown  by  the 
schematic  diagram  of  Figure  3-6.  Since  the  sub-boundaries  originate  at  these  corners,  Cs  will 
be  highest  along  the  sub-boundaries,  as  observed  by  SIMS  analysis,  although  Cs  will  still  be 
equal  to  CL  on  the  average. 

The  explanation  just  given  for  the  segregation  of  oxygen  along  the  sub-boundaries  is 
based  on  the  two  independent  observations  that  the  growth  interface  is  faceted  and  that  ke 
for  oxygen  in  Si  is  less  than  unity.  We  now  suggest  the  possibility  that  there  is  actually  a 
direct  relationship  between  these  observations,  in  particular  that  faceting  and  therefore  sub¬ 
boundary  formation  may  result  from  constitutional  supercooling13  resulting  from  the  rejection 
of  oxygen  at  the  growth  interface. 

For  an  impurity  with  ke  <  1,  the  increase  in  concentration  from  Cl  to  Cj  within  the 
interface  region  leads  to  a  corresponding  decrease  in  the  liquidus  temperature  TL,  which  is 
shown  by  the  solid  line  in  Figure  3-5(b).  Whether  or  not  constitutional  supercooling  will 
occur  depends  on  the  temperature  gradient  in  the  liquid.  If  this  gradient  is  larger  than  the 
gradient  for  the  upper  dashed  line  in  Figure  3-5(b),  a  planar  interface  will  be  stable  with 
respect  to  small  fluctuations.  If  the  gradient  in  the  liquid  is  smaller,  as  shown  for  example 
by  the  lower  dashed  line  in  Figure  5(b),  then  in  the  region  between  A  and  B  the  liquid 
will  be  supercooled.  In  this  case  the  interface  will  be  unstable,  because  any  portion  that 
advances  beyond  A  will  continue  to  advance  until  it  reaches  B.  In  a  process  such  as  ZMR, 
there  are  many  possible  sources  for  interface  fluctuations.  In  fact,  it  would  be  extremely  dif¬ 
ficult  (if  not  impossible)  to  eliminate  all  these  fluctuations. 
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Figure  3-6.  Schematic  diagram  showing  rejection  of  impurities  from  the  solid 
into  the  liquid  at  a  faceted  interface,  causing  an  increase  in  impurity  concentra¬ 
tion  at  inner  corners  of  interface. 

Growth  interfaces  that  are  unstable  because  of  constitutional  supercooling  can  exhibit  a 
variety  of  morphologies,  depending  on  the  thermal  distribution.  Faceting  is  one  such  mor¬ 
phology.  In  Ga-doped  Ge,  for  example,  constitutional  supercooling  leads  to  the  formation  of 
a  faceted  interface  composed  of  {ill}  planes.14  As  noted  above,  the  faceted  interfaces  in 
ZMR  Si  films  are  also  composed  of  {ill}  planes.4  We  believe  that  there  is  a  good  possibil¬ 
ity  that  constitutional  supercooling  also  leads  to  the  faceting  (and  therefore  sub-boundary 
formation)  in  these  films.  If  so,  it  seems  probable  that  oxygen  is  the  impurity  responsible, 
although  the  evidence  is  by  no  means  conclusive.  Perhaps  the  most  persuasive  argument  for 
this  assignment  is  that  it  would  account  for  the  fact  that  sub-boundaries  are  almost  univer¬ 
sally  observed  in  ZMR  Si  films,  since  all  such  films  are  in  contact  with  SiC>2  layers  and 
should  be  saturated  with  oxygen. 


- .  > 


20 


134434-N-01 


Because  sub-boundaries  are  the  most  prominent  defects  in  ZMR  films,  their  elimination 
is  the  objective  of  much  of  the  current  work  on  the  ZMR  process.  If  they  are  caused  by 
constitutional  supercooling,  it  should  be  possible  to  eliminate  them  if  experimental  conditions 
can  be  found  that  prevent  constitutional  supercooling.  Even  if  this  cannot  be  accomplished 
over  the  whole  area  of  unseeded  or  singly  seeded  films,  sub-boundaries  can  be  eliminated  by 
the  means  of  multiple  seeding.  In  early  experiments  using  seeds  spaced  50  ^tm  apart,  we 
obtained2  sub-boundary-free  regions  several  tens  of  square  millimeters  in  area,  and  it  should 
be  possible  to  obtain  such  regions  covering  an  entire  wafer,  probably  with  significantly 
larger  seed  spacings. 

J.C.C.  Fan 
B-Y.  Tsaur 
C.K.  Chen 

3.2  TRIPLE  ION-IMPLANTATION  TECHNIQUE  FOR  FORMATION  OF  SHALLOW 

npn  BIPOLAR  TRANSISTOR  STRUCTURES  IN  SILICON 

In  the  development  of  increasingly  complex  VLSI  circuits,  as  lateral  device  dimensions 
are  decreased  to  achieve  higher  levels  of  integration  it  also  becomes  necessary  to  reduce  ver¬ 
tical  dimensions  in  order  to  maintain  desirable  device  performance.15  Recent  demonstrations 
have  shown  that  shallow  p+/n  junctions,  with  depths  of  the  order  of  0.1  jum  or  i.ss,  can  be 
formed  in  Si  by  a  dual  ion-implantation  technique.16'18  In  this  technique,  B  is  introduced 
into  an  n-type  Si  wafer  by  implantation  of  low-energy  B+  ions,  but  only  after  implantation 
of  Si+  ions  has  been  used  to  produce  an  amorphous  Si  layer  that  prevents  B+  ion  channel¬ 
ing.  Subsequent  thermal  annealing,  which  causes  recrystallization  of  the  amorphous  layer  by 
solid-phase  epitaxy  (SPE),  results  in  complete  electrical  activation  of  the  implanted  B  atoms, 
without  appreciable  redistribution,  to  form  the  shallow  p+  region. 

In  this  report,  we  describe  a  technique  that  has  been  developed  for  preparing  high- 
quality,  shallow  npn  structures  for  bipolar  transistors  by  the  addition  of  another  implanta¬ 
tion  step  to  the  dual  implantation  procedure.  In  this  triple  implantation  technique,  the  initial 
Si+  implantation  into  an  n-type  wafer  is  followed  by  successive  low-dose  B+  and  high-dose 
As+  implantations  into  the  amorphous  Si  layer.  Thermal  annealing  is  then  used  to  recrystal¬ 
lize  this  amorphous  layer  and  activate  the  B  and  As  dopants  to  form  the  base  and  emitter 
regions,  both  of  which  are  about  0.1  /um  wide.  The  same  procedure  has  been  applied  to 
samples  prepared  by  coating  Si  wafers  with  a  poly-Si  film.  For  these  samples  the  final 
structure  has  a  poly-Si  emitter  contact,  since  SPE  regrowth  of  the  region  that  was  initially 
polycrystalline  is  prevented  by  the  presence  of  native  oxide  at  the  original  interface  between 
this  region  and  the  single-crystal  wafer.  This  structure  was  investigated  because  high  current 
gain  has  been  demonstrated  for  bipolar  devices  with  a  poly-Si  emitter  contact.19 

The  substrates  used  were  either  single-crystal  n-type  Si(100)  wafers  with  0.3-fl-cm  resis¬ 
tivity,  or  such  wafers  coated  with  a  0.09-^m-thick  poly-Si  film  formed  by  low-pressure 
chemical-vapor  deposition  (LPCVD).  Both  types  of  substrates  were  first  implanted  with  Si+ 
ions  at  energies  of  200.  150,  and  80  keV  to  produce  an  amorphous  Si  layer  estimated  to  be 
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~0.35  /itn  thick.  The  base  and  emitter  implantations  were  then  performed  with  25-keV  B+ 
ions  and  a  much  heavier  dose  of  50-keV  As+  ions,  respectively.  The  implanted  samples  were 
annealed  in  a  quartz-tube  furnace  with  flowing  Ar/H2  ambient,  first  at  600°C  to  recrystallize 
the  amorphous  layer  and  then  at  a  higher  temperature  to  increase  dopant  activation  and 
reduce  residual  defect  density. 

After  implantation  and  annealing,  a  Si(100)  sample  and  a  poly-Si/Si(100)  sample  were 
examined  by  transmission  electron  microscopy  (TEM).  In  both  cases,  the  TEM  micrographs 
show  that  a  narrow  zone  with  a  high  density  of  defects,  which  can  be  identified  as  disloca¬ 
tion  loops,  is  located  at  the  estimated  depth  of  the  initial  amorphous-crystalline  interface 
obtained  after  Si+  implantation.  Above  this  zone  is  a  single-crystal  region  that  is  almost  free 
of  defects.  For  the  Si(IOO)  sample,  this  region  extends  to  the  surface.  For  the  poly-Si/ Si(  100) 
sample,  above  the  single-crystal  region  is  a  polycrystalline  region  (of  the  same  thickness  as 
the  initial  poly-Si  film)  that  extends  to  the  surface.  In  both  cases  the  locations  of  the 
emitter-base  and  base-collector  junctions,  as  determined  from  the  results  of  SIMS  analysis 
described  below,  lie  within  the  single-crystal  region. 

Sheet-resistance  measurements  were  made  on  Si(100)  samples  that  were  implanted  with 
Si*,  B*,  and  As*  and  then  annealed,  or  were  treated  in  the  same  manner  but  without  As* 
implantation.  The  measured  resistance  values  are  approximately  80  and  1000  O/D,  respec¬ 
tively,  which  correspond  to  essentially  complete  activation  of  As  in  the  first  case  and  B  in 
the  second  case. 

Figure  3-7  shows  the  As  and  B  concentration  profiles  determined  by  SIMS  analysis  of 
triply  implanted  Si(100)  samples  before  and  after  annealing.  Both  as-implanted  profiles  are  in 
good  agreement  with  the  profiles  calculated  from  published  range  data.20  Annealing  produced 
virtually  no  change  in  the  As  profile,  and  only  a  slight  broadening  of  the  B  profile.  If 
complete  electrical  activation  is  assumed  for  both  As  and  B,  the  emitter-base  junction  depth 
and  the  base  width  are  found  to  be  0.09  and  0.10  /zm,  respectively.  The  B  concentration  at 
the  emitter-base  junction  is  2  X  1018  cm"3.  Such  a  high  concentration  is  necessary  for 
narrow-base  transistors  in  order  to  prevent  collector-emitter  punchthrough,  and  to  sustain  an 
adequate  collector-emitter  bias  voltage.15 

Figure  3-8  shows  the  As  and  B  concentration  profiles  determined  by  SIMS  analysis  of 
poly-Si/ Si(  100)  samples  before  and  after  annealing.  For  these  samples,  the  temperature  of 
the  second  annealing  step  was  increased  in  order  to  produce  sufficient  indiffusion  so  that 
the  emitter-base  junction  would  be  formed  within  the  single-crystal  region  obtained  by 
recrystallization.  On  the  basis  of  the  post-annealing  profiles,  this  junction  is  located  at  a 
depth  of  0.08  #tin  below  the  poly-Si/ single-crystal  interface,  the  B  concentration  at  the  junc¬ 
tion  is  2  X  1018  cm-3,  and  the  base  width  is  0.09  /urn.  Within  the  poly-Si  region  the  B  pro¬ 
file  is  hardly  changed  by  annealing,  but  the  As  concentration  has  become  quite  uniform, 
probably  as  a  result  of  grain-boundary  diffusion.21  For  complete  As  and  B  activation,  this 
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region  will  be  strongly  n-type  with  a  surface  carrier  concentration  exceeding  2  X  1020  cm*3, 
which  should  permit  the  formation  of  low-resistance  ohmic  contacts. 

B-Y.  Tsaur 
J.D.  Woodhouse 
C.H.  Anderson,  Jr. 

3.3  IDENTITY  OF  RESIDUAL  DONORS  IN  InP 

The  growth  of  InP  single-crystal  boules  by  the  liquid-encapsulated  Czochralski  (LEC) 
method  has  been  described  earlier.22  As  starting  material,  we  use  polycrystalline  InP  synthe¬ 
sized  from  the  elements  in  the  form  of  n-type  ingots  produced  by  directional  solidification 
of  In-rich  solutions  under  controlled  P  pressure.  If  the  LEC  boules  are  not  intentionally 
doped,  they  too  are  n-type.  Thus,  the  principal  electrically  active  species  in  both  cases  are 
shallow  donors.  For  the  better  ingots,  the  total  shallow  donor  concentration  ND  is  1  to  2  X 
1015  cm*3,  as  determined  from  the  values  of  the  electron  concentration  n77  and  mobility  m77 
measured  at  77  K.  The  values  of  ND  are  always  greater  for  nominally  undoped  LEC  boules 
than  for  the  ingot  material,  although  these  values  are  significantly  lower  for  "nonstandard” 
boules  grown  from  charges  prepared  by  adding  elemental  In  to  polycrystalline  ingot  material 
than  for  “standard”  boules  grown  from  ingot  material  alone.23  We  have  recently  grown  a 
nonstandard  boule  with  values  of  ND  as  low  as  1.1  X  1015  cm*3  and  values  of  /x77  up  to 
7.0  x  104  cm2V*1s*1,  the  highest  so  far  reported  for  an  LEC  crystal  of  InP. 

In  attempting  to  achieve  further  reductions  in  ND,  it  would  be  extremely  helpful  to 
know  the  identity  of  the  principal  shallow  donor  species  in  the  better  polycrystalline  ingots 
and  LEC  boules.  Even  if  the  donors  are  impurities  rather  than  native  defects,  they  are  pres¬ 
ent  at  concentrations  too  low  to  permit  their  identification  by  conventional  analytical  tech¬ 
niques.  We  have  therefore  investigated  their  identities  by  means  of  photoluminescence  mea¬ 
surements  at  high  magnetic  fields,  which  were  made  at  the  Royal  Signals  and  Radar  Estab¬ 
lishment  (RSRE),  United  Kingdom.  The  results  of  these  measurements  show  that  the  domi¬ 
nant  shallow  donor  species  in  the  polycrystalline  ingots  is  S,  while  the  dominant  species  in 
nominally  undoped  LEC  boules  is  an  unidentified  donor. 

For  even  the  purest  available  InP,  which  has  been  prepared  by  vapor-phase  epitaxy 
(VPE),  peaks  associated  with  different  shallow  donors  are  not  resolved  in  zero-field  photo¬ 
luminescence  spectra,  since  the  line  widths  in  this  material  exceed  the  expected  differences  of 
about  0.1  to  0.2  meV  in  the  ionization  energies  of  these  donors.  In  high  magnetic  fields 
( — 10  T),  however,  broadening  is  significantly  reduced  because  the  extended  wave  functions 
of  the  weakly  bound  donor  electrons  are  strongly  compressed.  Application  of  such  fields  has 
made  it  possible  for  workers  at  RSRE  to  resolve  “two-electron”  satellites  of  peaks  due  to 
excitons  bound  to  four  different  neutral  donors,  even  for  InP  samples  with  values  of  n30o 
as  high  as  5  X  10,s  cm*3  and  j*77  as  low  as  2.5  X  104  cm2V*,s*1.  In  addition,  by  measure¬ 
ments  on  VPE  crystals  intentionally  doped  with  very  low  levels  of  S  and  Si,  the  RSRE 
workers  have  identified  the  particular  two-electron  satellites  due  to  these  two  elements.24 


We  have  supplied  three  samples  from  polycrystalline  ingots  to  RSRE  for  photolumines¬ 
cence  characterization.  Their  values  of  M77  range  from  6.0  X  104  to  8.2  X  104  cm2V‘,s'1. 

The  results  for  one  sample  indicate  that  S  is  the  primary  donor  species,  with  Si  also  pres¬ 
ent  at  a  concentration  about  one-fifth  that  of  S.  For  the  other  two  samples,  S  is  the  only 
significant  donor  species.25  In  view  of  the  fact  that  the  ingots  are  synthesized  in  silica  boats 
sealed  inside  silica  ampoules,  it  is  somewhat  surprising  that  S  rather  than  Si  is  the  primary 
donor. 

Samples  from  one  standard  and  three  nonstandard  LEC  boules  were  also  supplied  to 
RSRE.  The  results25  for  these  samples  are  given  in  Table  3-1  which  lists  the  composition  of 
the  melt  from  which  the  sample  was  grown,  the  measured  values  of  n77  and  p77,  the  values 
of  Nd  and  total  acceptor  concentration  NA  obtained  from  (ND  -  NA)  =  n77  and  the  value 
of  (Nd  ♦  Na)  estimated  from  p77,  and  the  concentrations  of  the  donor  species  identified  by 
the  photoluminescence  measurements.  The  latter  concentrations  were  found  by  assuming  that 
the  relative  amounts  of  the  various  donor  species  are  proportional  to  the  intensities  of  their 
photoluminescence  peaks,  and  that  the  total  concentration  of  the  donor  species  is  equal  to  N 

TABLE  3-1 


Measured  Values  of  n77  and  M77  (104  cm2V‘1s‘1)  and  Estimated  ND,  NA,  and  Donor 
Concentrations  in  LEC  Boules  of  InP  (All  Concentrations  Given  in  Units  of  101s  cm  3) 


Boule 

Melt 

"77 

^77 

No 

Na 

Concentration  of  Donor  Species  ] 

Composition 
(a/o  In) 

S 

Si 

Effective 
Mass  Donor 

452 

56 

2.7 

5.7 

2.9 

0.2 

1.2 

0 

1.7 

470t 

61 

2.3 

5.2 

2.9 

0.6 

0.85 

0.25 

1.8 

471* 

50 

5.0 

3.0 

6.5 

1.5 

2.5 

0 

4.0 

474 

68 

2.0 

5.3 

2.6 

0.6 

1.0 

0.2 

1.4 

t  Charges  prepared  from  aliquots  of  same  polycrystalline  ingot. 

Table  3-1  shows  that  the  principal  donor  in  each  of  the  four  LEC  samples  is  a  species 
that  has  been  designated  by  the  RSRE  workers  as  the  “effective  mass  donor”  because  its 
ionization  energy  is  very  close  to  that  calculated  from  simple  effective  mass  theory.  This 
species  has  not  been  identified  chemically;  it  might  actually  be  a  native  defect  or  a  defect- 
impurity  complex  rather  than  an  impurity.  All  four  samples  also  contain  smaller  concentra¬ 
tions  of  S,  while  two  contain  relatively  small  amounts  of  Si.  The  concentrations  of  both  the 


effective  mass  donor  and  S  are  significantly  lower  in  the  samples  from  the  three  non¬ 
standard  boules  than  in  the  standard  one.  The  data  for  Si  are  too  limited  to  establish  a 
relationship  between  its  concentration  and  the  composition  of  the  melt. 

There  is  a  marked  difference  between  the  photoluminescence  results  for  the  LEC  sam¬ 
ples  and  those  for  the  samples  from  polycrystalline  ingots,  since  in  the  latter  S  is  the  domi¬ 
nant  donor  and  the  effective  mass  donor  is  not  detected  at  all.  Although  there  are  several 
obvious  differences  between  our  LEC  and  synthesis  processes,  none  of  these  appear  to 
account  for  the  presence  of  the  effective  mass  donor  in  the  LEC  boules.  Additional  work 
will  be  necessary  to  determine  both  the  origin  and  the  identity  of  this  species. 

G.W.  Iseler 

3.4  DEPTH  PROFILES  OF  TRAPS  IN  GaAs  EPILAYER  ON  DRY-ETCHED 

GaAs  SUBSTRATE 

In  a  recent  report,26  we  described  the  initial  results  of  an  investigation  on  the  effect  of 
dry  etching  on  the  electrical  properties  of  GaAs.  In  this  investigation,  which  is  an  extension 
of  an  earlier  study,27  deep-level  transient  spectroscopy  (DLTS)  and  optical  DLTS  (ODLTS) 
are  being  used  to  determine  the  depth  profiles  of  electron  and  hole  traps,  respectively.  The 
specimen  was  prepared  by  using  vapor-phase  epitaxy  to  grow  a  0.6-^m-thick  n-type  GaAs 
epilayer  (doped  to  1  x  1016  cm'3)  on  an  n-type  GaAs  substrate  layer  (doped  to  5  X 
1016  cm'3)  that  had  been  reactive-ion  etched,  Ar-ion  beam  etched,  and  then  cleaned  by 
chemical  etching.  In  the  DLTS  experiments,  measurements  are  made  of  the  capacitance 
transient  obtained  when  a  trap-filling  pulse  Vp  is  applied  to  a  Schottky  diode  fabricated  on 
the  epilayer  surface.  Values  of  the  trap  concentration  are  found  from  the  expression 
Nt  =  -2AC/C(Nd  -  Na),  where  AC  is  the  change  in  capacitance  immediately  after  the  re¬ 
moval  of  the  filling  pulse,  C  is  the  static  capacitance,  and  (Np  -  Na)  is  the  net  donor 
concentration.  In  the  initial  experiments,26  AC  was  measured  as  a  function  of  temperature 
for  four  different  values  of  DC  bias  Vb,  so  that  each  measurement  sampled  the  region 
between  the  depletion  widths  W  and  (W  +  AW)  corresponding  to  Vb  and  (Vb  +  Vp),  respec¬ 
tively.  The  value  of  Vp  was  0.14  V,  yielding  AW  of  0.05  nm  or  less. 

As  observed  earlier,26  at  any  fixed  value  of  Vb  the  values  of  C  measured  for  the 
Schottky  diode  exhibit  a  significant  temperature  dependence,  so  that  W  also  depends  on 
temperature.  The  variation  in  C  is  illustrated  by  curve  (a)  in  Figure  3-9,  which  is  a  plot  of 
C  measured  at  Vb  =  -0.30  V  as  a  function  of  temperature.  This  variation  causes  a  change 
in  W  from  0.55  to  0.36  /im  between  liquid  nitrogen  temperature  (LN)  and  room  tempera¬ 
ture  (RT).  Changes  of  this  magnitude  in  W  can  lead  to  significant  errors  in  the  trap  density 
profiles  measured  by  DLTS,  since  the  region  sampled  does  not  remain  the  same  during  a 
particular  temperature  scan.  In  order  to  minimize  such  errors,  we  have  modified  the  mea¬ 
surement  setup  by  adding  a  servo-feedback  circuit  that  varies  Vb  during  each  scan  to  main¬ 
tain  a  preselected  value  of  C,  and  therefore  W.  (The  circuit’s  response  time  is  too  long  for 
the  individual  capacitance  transient  measurements  to  be  affected.)  The  effectiveness  of  this 
technique  is  illustrated  by  curve  (b)  in  Figure  3-9,  which  shows  C  vs  T  for  a  run  in  which 
the  feedback  circuit  was  used. 


V 


TEMPERATURE  (K) 


Figure  3-9.  Temperature  dependence  of  Schottfcy-diode  capacitance  measured  (a)  for  V|,  =  0.30  V, 
and  (b)  for  values  of  V|,  obtained  with  servo-feedback  circuit. 


To  accurately  evaluate  the  expression  for  Nt,  it  is  necessary  to  use  the  appropriate 
value  of  (Np  -  NA).  By  means  of  conventional  C-V  measurements  made  on  the  specimen  at 

RT  and  LN,  it  was  found  earlier27  that  (Np  -  NA)  varies  substantially  with  both  depth  and 

temperature,  as  shown  by  the  dashed  lines  plotted  in  Figure  3-10.  We  have  obtained  addi¬ 
tional  data  by  using  a  technique  for  measuring  (Np  -  NA)  at  constant  W  as  a  function  of 
temperature.  In  these  measurements,  the  Schottky  diode  is  modulated  with  a  probing  voltage 

of  8.6  mV  at  10  Hz,  the  change  in  C  is  measured  with  a  capacitance  meter  operating  at 

1  MHz  with  a  modulation  voltage  of  100  mV,  and  analog  circuitry  is  used  to  determine 
(Np  -  Na)  from  the  expression 


nd  -  na 


1  C3 
qee0A2  dC 
~dV 


where  A  is  the  capacitor  area  and  q,  e  and  «0  have  their  usual  meanings.  Measurements 
of  (Np  -  Na)  as  a  function  of  temperature  were  made  by  this  technique  for  values  of  W 
between  0.30  and  0.60  fin l  in  0.05-^im  steps.  The  results  are  plotted  in  Figure  3-11.  From 
these  results  we  obtain  depth  profiles  of  (Np  -  NA)  at  LN  and  RT,  shown  as  solid  lines  in 
Figure  3-10,  that  agree  quite  well  with  the  profiles  obtained  by  conventional  C-V  measurements. 
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The  modified  measuring  system  has  been  used  for  making  two  sets  of  DLTS  measure¬ 
ments  on  the  GaAs  specimen,  in  each  case  for  values  of  C  selected  to  yield  values  of  W 
between  0.30  and  0.60  nm  in  0.05-/um  steps.  For  the  first  set,  the  filling  pulses  were  made 
large  enough  to  fill  all  the  traps  in  the  depletion  region,  giving  the  results  for  AC  vs  T 
plotted  in  Figure  3-12(a-b).  Values  of  Nt(T)  for  each  0.05-Mtn  increment  in  W  could  be 
obtained  by  taking  the  difference  between  two  successive  plots  and  multiplying  by  the 
appropriate  average  values  of  (ND  -  NA)(1/C).  The  second  set  of  measurements  employed  a 
fixed  Vp  of  only  0.15  V.  These  measurements,  like  those  made  earlier,26  directly  yield  values 
of  AC  for  the  region  between  W  and  (W  +  AW).  Their  accuracy  is  substantially  improved 
over  the  the  earlier  ones  because  W  is  kept  constant  for  each  temperature  scan,  but  they 
are  still  subject  to  errors  arising  because  the  value  of  AW  at  constant  Vp  varies  with  W, 
and  also  with  temperature  for  a  given  W.  The  results  of  the  new  measurements  are  plotted 
in  Figure  3-13. 

The  structure  in  the  AC  vs  T  plots  of  Figures  3-12  and  3-13  shows  that  the  number  of 
electron-trap  species  increases  with  increasing  distance  from  the  metal-semiconductor  contact 
at  the  surface  of  the  epilayer.  The  plot  in  Figure  3-13  for  W  =  0.55  /im,  which  is  close  to 
the  interface  between  the  epilayer  and  the  etched  surface  of  the  substrate,  reveals  five  dis¬ 
tinct  traps  with  energies  of  0.14,  0.17,  0.35,  0.51,  and  0.78  eV,  as  labeled  on  the  figure.  The 
latter  four  species  are  those  conventionally  designated  as  EL-10,  EL-16,  EL-4,  and  EL-12, 
respectively.  A  peak  corresponding  to  the  trap  EL-3  (0.58  eV)  appears  prominently  for  W  = 
0.60  urn.  In  addition,  a  peak  at  ~400  K.  corresponding  to  the  trap  EL-2  (0.83  eV)  was 
found  throughout  the  epilayer  in  runs  extending  to  temperatures  higher  than  those  shown  in 
Figures  3-12  and  3-13. 

The  constant  depletion  width  system  was  also  used  for  ODLTS  measurements,  in  which 
hole  traps  are  filled  by  employing  a  light  pulse  rather  than  a  voltage  pulse.  Figure  3-14 
shows  the  AC  vs  T  plots  obtained  for  one  value  of  the  time  interval  used  for  sampling  the 
capacitance  transient.  As  in  the  earlier  measurements,26  there  is  a  single  peak  corresponding 
to  a  trap  energy  of  about  0.20  eV.  In  some  subsequent  measurements  using  other  sampling 
times,  the  peak  split  into  three  components,  indicating  the  presence  of  three  hole  traps  with 
very  similar  energies. 

Depth  profiles  for  the  electron  trap  at  0.14  eV  and  the  traps  EL-16  and  E-12  have 
been  derived  from  the  AC  vs  T  plots  of  Figure  3-13.  These  profiles  are  shown  in  Fig¬ 
ure  3-15,  together  with  the  hole-trap  profile  obtained  from  the  plots  of  Figure  3-14.  With 
increasing  distance  from  the  substrate,  the  concentrations  of  the  three  electron  traps  generally 
decrease,  while  there  is  an  increase  in  the  concentration  of  the  hole  trap(s).  These  observa¬ 
tions  suggest  that  the  electron  traps  may  result  from  the  dry  etching  of  the  substrate,  while 
the  hole  trap(s)  may  originate  at  the  metal-semiconductor  contact. 

J.G.  Mavroides  D.F.  Kolesar 
S.W.  Pang  G.A.  Lincoln 


Figure  3-12.  Temperature  dependence  of  AC  obtained  by  DLTS  measurements  using  pulses  large  enough  to  fill  all  traps  in 
depletion  region,  for  (a)  W  values  between  0.30  and  0.50  pm,  and  (b)  W  =  0.55  and  0.60  (im. 
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Figure  3-14.  Temperature  dependence  of  AC  obtained  by  ODLTS  measurements 
for  W  between  0.30  and  0.60  pm. 
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3.5  GaAs  MESFETS  FABRICATED  ON  MONOLITHIC  GaAs/Si  SUBSTRATES 


Recently,  there  has  been  growing  interest  in  the  possibility  of  developing  integrated  cir¬ 
cuits  that  combine  GaAs  and  Si  devices  fabricated  on  a  single  monolithic  GaAs/Si  (MGS) 
chip.  Such  MGS  ICs  could  take  advantage  of  the  unique  device  capabilities  of  GaAs  and  Si 
more  fully  than  hybrid  circuits  composed  of  devices  on  separate  GaAs  and  Si  chips.  For 
example,  MGS  ICs  could  utilize  GaAs  diode  lasers  to  form  optical  links  for  high-data-rate 
intrachip  and  interchip  communication.  Currently,  MGS  substrates  are  prepared  by  growing 
GaAs  layers  on  Si  wafers.  Device-quality  GaAs  layers  have  not  been  obtained  by  direct 
growth  on  Si,  however,  because  nucleation  is  difficult  and  also  because  GaAs  and  Si  differ 
greatly  in  their  lattice  constants  and  thermal-expansion  coefficients.  At  the  present  stage  of 
MGS  technology  development,  attention  is  focused  on  perfecting  the  growth  of  GaAs  layers 
and  demonstrating  that  devices  with  good  operating  characteristics  can  be  fabricated  in  these 
layers. 

The  only  MGS  GaAs  devices  so  far  reported  are  shallow-junction  solar  cells28-29  and 
light-emitting  diodes.30  The  solar  cells  were  fabricated  in  GaAs  layers  grown  by  AsClj-GaAs- 
H2  chemical-vapor  deposition  on  Si  wafers  that  had  been  coated  with  a  thin  nucleating  epi- 
layer  of  Ge,  which  has  lattice  properties  close  to  those  of  GaAs  (see  Reference  31).  The 
light-emitting  diodes  were  fabricated  in  GaAs  layers  grown  by  organometallic  chemical-vapor 
deposition  on  Ge  layers  prepared  by  zone-melting  recrystallization  on  Si02-coated  Si  wafers. 
We  report  here  the  fabrication  of  the  first  MGS  GaAs  MESFETs.  These  devices,  which 
were  fabricated  in  GaAs  layers  grown  by  MBE  on  Ge-coated  Si  substrates,  have  good  tran¬ 
sistor  characteristics,  with  maximum  transconductance  of  105  mS/mm  for  a  gate  length  of 
2.1  fx  m. 

The  design  of  the  MGS  GaAs  MESFETs  is  shown  schematically  in  Figure  3-16.  An 
undoped  Ge  layer  is  deposited  by  e-beam  evaporation32  on  a  p+-Si  substrate  oriented  2° 
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n+-GaAs  (0.05  jLim) 
n-GaAs  (0.2  /urn) 


Figure  3-16.  Design  of  MGS  GaAs  MESFET  fabricated  on  monolithic  GaAs/Si  substrata.  Doping 
concentrations  of  n  and  n+  GaAs  layers  are  1  X  1017  and  2.6  X  1018  cm'3,  raspactivaly. 


off  (100)  toward  (Oil),  Three  GaAs  layers  —  an  undoped  buffer  layer,  an  n  active-channel 
layer,  and  an  n+  contacting  layer  —  are  then  grown  by  MBE.  As  shown  by  the  Nomarski 
interference  micrograph  of  Figure  3-17,  the  GaAs  layers  have  mirror-smooth  surfaces  without 
any  antiphase  domains.  No  cracks  have  been  observed  after  growth  or  during  device  fabrica¬ 
tion.  Mesa  isolation  is  performed  by  wet  chemical  etching.  The  source  and  drain  contacts 
are  formed  by  alloying  evaporated  Ge/Au/Ni  patterned  by  the  photoresist  lift-off  process. 

The  gate  region  is  recessed  by  wet  chemical  etching,  and  the  gate  contact  is  made  with 
evaporated  Ti/Au  patterned  by  the  lift-off  process.  Figure  3-18  is  an  optical  micrograph  of 
a  finished  device. 

Figure  3-19  shows  the  Schottky-diode  characteristic  between  the  source  and  gate  (2.1  pm 
long,  200  /un  wide)  of  an  MGS  GaAs  MESFET.  From  the  data  for  the  forward  direction, 
the  built-in  voltage  is  about  0.67  V  and  the  ideality  factor  is  about  1.38.  The  reverse  leak¬ 
age  current,  which  increases  from  about  3  /uA  at  Vgs  =  -1  V  to  about  12  jzA  at  Vgs  = 

-2  V,  is  believed  to  be  due  to  a  high  density  of  defects  that  propagate  from  the  Ge/Si 
interface.  Preliminary  results  of  a  separate  study  indicate  that  the  diode  leakage  current  can 
be  considerably  reduced  by  growing  a  thicker  buffer  layer  in  order  to  reduce  the  defect 
density. 

Figure  3-20  shows  transistor  characteristics  for  another  MGS  GaAs  MESFET  with  gate 
length  of  2.1  /xm  and  gate  width  of  200  /im.  The  top  curve  was  obtained  for  Vgs  =  0.5  V. 
The  transconductance  measured  at  =  0  V  is  about  105  mS/mm,  which  is  comparable  to 
the  values  obtained  for  MESFETs  on  GaAs  substrates.33  This  result  suggests  that  the  defect 
density  in  the  GaAs  active  channel  is  not  high  enough  to  produce  a  marked  reduction  in 
the  majority  carrier  mobility.  However,  the  drain  current  is  not  completely  turned  off.  A 
more  detailed  measurement  at  Vgs  =  2  V  shows  that  the  drain  current  reaches  a  minimum 
and  then  increases  as  Vgs  is  made  increasingly  negative.  This  result  indicates  that  the  transis¬ 
tor  leakage  current  is  largely  due  to  leakage  between  the  gate  and  the  drain,  although  there 
may  also  be  a  contribution  from  leakage  through  the  buffer  layer. 

H.K.  Choi  G.W.  Turner 
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Figure  3-17.  Nomarski  interference  micrograph  showing  surface  morphology 
of  GaAs  layer  grown  by  MBE  on  Ge-coated  Si  substrate. 
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4.  MICROELECTRONICS 


4.1  CHARGE-COUPLED  DEVICES:  TIME-INTEGRATING  CORRELATOR 


A  CCD  binary-analog  time-integrating  correlator  (TIC)  has  been  described  in  several 
previous  reports1"4  and  a  recent  publication.5  This  32-channel  device  was  developed  for  GPS 
(Global  Positioning  System)  and  other  spread-spectrum  applications  with  bandwidths  up  to 
10  MHz.  Previously,  we  reported  device  operation  at  a  20-MHz  clock  rate  with  25-ms  inte¬ 
gration  time,  and  initial  results  with  a  digital  post-processing  system  to  remove  spatial  or 
pattern  noise  from  the  CCD  output  and  to  perform  additional  time  integration.  In  this 
report,  we  describe  further  results  with  this  system  including  a  process  gain  of  70  dB  and 
the  recovery  of  a  pseudonoise  (PN)  signal  in  Gaussian  noise  with  a  -50-dB  signal-to-noise 
ratio  (SNR).  With  this  system,  the  pattern  noise  is  reduced  to  a  level  below  the  temporal 
noise  of  the  CCD,  and  under  these  conditions  the  dynamic  range  of  the  CCD  is  67  dB. 

Figure  4-1  describes  the  principal  features  of  the  combined  CCD/ digital-processor  sys¬ 
tem.  The  CCD  correlator,  shown  at  the  left,  is  a  32-channel  device  using  a  pipe-organ 
architecture  consisting  of  delay  lines  of  1  to  32  stages  in  length.  The  input  delay  lines  are 
clocked  at  a  20-MHz  rate,  and  for  this  sampling  rate  the  input  signal  would  normally  have 
a  bandwidth  of  up  to  10  MHz.  In  the  results  described  later,  the  input  signal  was  a  10-Mbps 
m-sequence  combined  with  Gaussian  noise  and  low-pass  filtered  to  10  MHz;  the  same 
m-sequence,  delayed  by  a  few  clock  periods,  was  used  as  the  local  reference.  The  reference 
is  modulated  by  the  binary-level  waveform  described  in  Figure  4-1  before  it  is  applied  to 
the  CCD.  This  code  modulation  is  the  basis  of  the  pattern-noise  removal  method  described 
previously.4  The  products  of  the  delayed  signal  charge  and  the  modulated  reference  are  inte¬ 
grated  for  512  clock  periods  or  25.6  ms,  and  the  integrated  charge  is  then  transferred  to  an 
output  register  and  read  out  at  a  1.4-MHz  rate. 

The  digital  portion  of  the  system  begins  with  an  8-bit  A/D  converter  that  digitizes  the 
CCD  output  and  sends  the  data  to  a  binary  multiplier.  This  multiplier  removes  the  reference 
modulation  from  the  correlation  portion  of  the  CCD  signal,  and  at  the  same  time  modu¬ 
lates  the  pattern-noise  portion  that  was  unaffected  by  the  earlier  reference  modulation  in  the 
CCD.  The  data  then  proceed  to  an  accumulating  memory  consisting  of  an  adder  and  a 
memory  with  32  locations  for  integrating  data  from  each  of  the  32  channels  of  the  TIC. 

The  24-bit  depth  of  the  memory  permits  integration  times  of  more  than  1  s  before  overflow. 
The  accumulator  integrates  for  a  period  of  2N  X  (CCD  integration  period)  and  then 
transfers  the  result  either  to  a  D/A  converter  for  oscilloscope  display  or  to  a  computer. 
Because  the  integrator  accumulates  an  even  number  of  data  frames  from  the  CCD,  the 
pattern-noise  component  is  canceled. 

A  severe  test  of  this  system  and  one  that  simulates  a  realistic  spread-spectrum  situation 
is  illustrated  in  Figure  4-2  where  the  input  signal  (top  trace)  is  a  220  -1-bit  m-sequence 
combined  with  Gaussian  noise  with  a  low  SNR  of  -50  dB.  The  middle  trace  shows  the 
CCD  output;  but,  since  the  process  gain  of  this  device  is  about  25  dB,  the  SNR  at  this 
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Figure  4-2.  Top  trace:  CCD  input  signal  consisting  of  an  m-sequence  with  Gaussian  noise 
(SNR  =  60  dB).  Middle  trace:  CCD  correlator  output.  Bottom  trace:  Output  of  post-processor 
after  integrating  32768  frames  of  CCD  output  data. 

point  is  -25  dB.  In  addition,  the  signal  lies  about  35  dB  below  the  spatial  pattern  noise, 
which  is  evident  in  this  trace.  The  post-processor  then  integrates  32768  successive  data 
frames  for  a  total  integration  time  of  0.83  s,  and  the  result  is  displayed  as  the  bottom 
trace.  The  correlation  peak  now  lies  well  above  both  the  temporal  and  spatial  noise.  The 
measured  temporal  SNR  was  20  dB,  indicating  a  total  process  gain  of  45  dB  [10  log(32768)] 
from  the  digital  integrator.  Some  nonuniformities  in  the  sidelobes  can  be  seen  in  the  lower 
trace,  indicating  incomplete  suppression  of  the  pattern  noise.  An  rms  pattern  noise  was 
computed  using  the  mean  values  of  the  sidelobes,  and  from  this  a  “spatial”  SNR  was  found 
to  be  22  dB.  The  noise-cancellation  process  has  therefore  been  highly  effective,  which  can  be 
seen  by  the  fact  that  the  pattern  noise  has  been  suppressed  by  57  dB  relative  to  the  signal. 

An  additional  conclusion  of  these  measurements  is  that  the  pattern  noise  can  be  sup¬ 
pressed  to  a  level  below  the  CCD  thermal  noise.  The  CCD  dynamic  range  can  therefore  be 
considered  to  be  limited  by  its  internal  temporal  noise.  On  this  basis  a  dynamic  range  of 
67  dB  has  been  measured. 

B.E.  Burke 
W.H.  McGonagle 
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4.2  MODIFICATION  OF  SCHOTTKY-DIODE  CHARACTERISTICS 

IN  GaAs  BY  DRY  ETCHING 

Damage  induced  in  GaAs  by  Ar  ion-beam  etching  (IBE),  reactive-ion  etching  (RIE)  with 
CF4  and  CHF3,  and  ion-beam-assisted  etching  (IBAE)  with  Ar  and  Cl3  has  been  studied. 

The  effects  of  etching  were  determined  by  evaluating  Schottky  diodes  fabricated  on  the 
etched  surfaces  and  by  using  deep-level  transient  spectroscopy  (DLTS)  to  characterize  trap¬ 
ping  centers.  Variations  in  the  etching  conditions  had  a  strong  effect  on  the  measured  char¬ 
acteristics  of  the  samples.6,7  GaAs  samples  were  n-type  layers  grown  by  vapor-phase  epitaxy 
(VPE)  on  n+  substrates.  The  epitaxial  layers  were  typically  doped  at  1  X  1016  cm"3  and 
were  1  /im  thick.  Schottky  diodes  were  prepared  on  the  GaAs  surfaces  after  etching  by 
using  Ti-Au  for  the  Schottky  contacts  and  Ni-Ge-Au  for  the  ohmic  contacts. 

Forward  and  reverse  current-voltage  (I-V)  characteristics  were  measured  on  Schottky 
diodes  fabricated  on  GaAs  surfaces  after  Ar  IBE.  Ion  energies  of  250,  500,  and  1000  V 
were  used.  The  current  density  was  0.25  mA/cm2  at  250  V,  and  0.5  mA/cm2  at  500  and 
1000  V.  Barrier  height,  n-factor,  and  breakdown  voltage  were  deduced  from  the  I-V  mea¬ 
surements.  Table  4-1  summarizes  the  measured  values  of  the  three  parameters  after  Ar  IBE. 
The  diodes  showed  large  reverse  leakage  currents  and  reduced  barrier  heights  after  IBE.  This 
is  probably  due  to  surface  disorder  or  Ar  inclusion  introduced  by  ion  bombardment  during 
etching.  Auger  analysis  using  xenon  as  the  sputtering  gas  indicated  that  the  amount  of  Ar 
present  in  the  GaAs  substrates  and  the  penetration  depth  of  the  Ar  increased  with  ion 
energy.  Current-voltage  and  C-V  characteristics  recovered  only  after  etching-off  750  A  of 
GaAs  with  a  wet  chemical  solution. 


TABLE  4-1 

Parameters  Deduced  from  I-V  Measurements  on  Schottky  Diodes 


The  presence  of  a  Cl3  flux  during  Ar  IBE  has  been  shown  to  produce  anisotropic  etch¬ 
ing  of  GaAs  (see  Reference  8).  In  addition,  substantially  less  damage  is  introduced  by  this 
IBAE  technique  than  by  Ar  IBE.  Figure  4-3  shows  the  forward  I-V  characteristics  for 
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Figure  4-3.  Semilog  plot  of  forward  current  density  as  a  function  of  voltage  for  a  control 
sample,  samples  etched  by  Ar  IBE  at  500  V.  and  samples  etched  by  IBAE  with  an  Ar*  energy 
of  500  V  and  Clj  flux  equivalent  to  6  X  10’*  Torr. 


Schottky  diodes  fabricated  on  a  control  sample,  a  sample  after  etching  by  IBAE  at  500  V 
with  5  X  10^  Torr  CI2  pressure,  and  a  sample  etched  by  Ar  IBE  at  500  V.  Without  the 
presence  of  Cl2  during  etching,  both  the  forward  and  reverse  I-V  characteristics  of  the  sam¬ 
ple  became  leaky.  The  introduction  of  Cl2  at  pressures  as  low  as  5  X  10"4  Torr  improved 
the  diode  behavior  significantly.  There  was  a  slight  reduction  in  the  barrier  height  from 
0.76  eV  for  a  control  sample  to  0.72  eV  after  IBAE.  Both  ideality  factor  and  reverse  break 
down  voltage  were  unchanged  after  etching  by  IBAE.  In  the  range  of  Ar  ion  energy  of  350 
to  1000  V  and  equivalent  Cl2  flux  of  5  to  50  X  10"4  Torr  that  we  have  investigated,  the 


diodes  fabricated  directly  on  the  etched  surfaces  showed  I-V  characteristics  similar  to  those 
of  control  samples.  These  results  show  the  importance  of  CI2  in  minimizing  damage  induced 
by  Ar  IBE. 

DLTS  was  used  to  detect  and  characterize  trapping  centers  induced  by  dry  etching.  In 
order  to  probe  the  etched  surfaces,  which  are  usually  shielded  by  the  intrinsic  depletion 
layer  under  a  metal  contact,  0.6-jum-thick  GaAs  layers  were  grown  by  VPE  on  the  etched 
surfaces  so  that  the  etched  region  would  not  reside  in  the  depleted  layer.  The  growth  of 
GaAs  required  cleaning  the  surfaces  with  hot  H2SO4  solution,  which  etched  about  200  A  of 
the  surface.  The  samples  were  also  subjected  to  the  700°C  temperature  used  in  the  VPE 
growth.  The  remaining  damage  in  GaAs  was  expected  to  be  reduced  from  its  original  value 
because  of  the  cleanup  and  the  thermal  annealing.  Results  from  the  DLTS  measurements  are 
summarized  in  Table  4-2.  The  control  sample  had  a  trap  density  around  1.3  X  10* 3  cm"3. 
After  RIE  in  CF4  at  250  V,  one  additional  trap  with  a  concentration  around  1.6  X  1013  cm*3 
was  observed.  When  the  sample  was  subsequently  etched  by  Ar  IBE  at  500  V,  a  third  trap 
near  the  conduction-band  edge  was  introduced.  However,  when  the  sample  was  etched  by 
IBAE  following  Ar  IBE,  the  trap  generated  by  Ar  IBE  was  eliminated. 


TABLE  4-2 

DLTS  Measurements 

Nt(1013  cm-3) 

Etching  Condition 

Trap  1 

Trap  2 

Trap  3 

Control 

1.3 

— 

— 

CF4  250  V 

2.3 

1.6 

— 

CF4  250  V;Ar  500  V 

1.7 

1.7 

4.0 

CF4  250  V;  Ar  500  V;  IBAE  500  V 

1.5 

2.7 

— 

E.  (eV) 

a  (cm2) 

Trap  1 

0.89 

8  X  10"13 

Trap  2 

0.7 

3  X  10'13 

Trap  3 

0.14 

5  X  IQ"15 

For  GaAs  samples  reactive-ion  etched  in  CF4  and  CHF3,  I-V  measurements  on  Schottky 
diodes  fabricated  on  the  etched  surfaces  indicated  that  barrier  height  and  breakdown  voltages 
were  increased  after  etching  at  500  V,  as  shown  in  Table  4-3.  This  change  in  barrier  height 
and  breakdown  voltage  suggests  the  formation  of  a  polymer  film  or  defect  states  on  the 
sample  surfaces  during  RIE.  Capacitance-voltage  measurements  after  R1E  in  CF4  at  250, 

500,  and  700  V  are  shown  in  Figure  4-4.  The  slope  of  1/C2  vs  V  is  inversely  proportional 
to  the  doping  density,  and  the  intercept  on  the  voltage  axis  is  related  to  the  barrier  height. 
Deviation  from  the  control  sample  characteristics  increased  with  bias  voltage  used  during 
RIE. 


In  summary,  dry  etching  of  GaAs  by  Ar  IBE,  RIE,  or  IBAE  has  been  shown  to 
induce  changes  in  trapping  levels,  barrier  heights,  breakdown  voltages,  and  effective  substrate 
doping.  The  degree  of  electrical  characteristic  modification  increases  with  the  bias  voltage 
used  during  dry  etching.  The  presence  of  CI2  during  IBAE  significantly  reduced  the  damage 
generated  by  Ar  IBE. 

S.W.  Pang  M.W.  Geis 

G.A.  Lincoln  A.  Vera 

4.3  ULTRA-LOW  TEMPERATURE  GROWTH  OF  GaAs  USING 
CHLORIDE-TRANSPORT  VAPOR-PHASE  EPITAXY 

We  report  on  GaAs  vapor-phase-epitaxy  (VPE)  epitaxial  films  grown  at  a  temperature 
of  5 00°C  at  rates  of  0.5  to  1.5  pm/h  in  a  chloride-transport  process  using  a  modified 
AsCl3-GaAs-H2  reactor.  The  chloride-transport  VPE  technique  is  especially  useful  for  selective 
epitaxy  in  which  it  is  desirable  to  minimize  nucleation  on  a  growth  mask.  Because  gallium 
has  a  very  low  sticking  coefficient  to  growth  masks  made  from  materials  such  as  tungsten 
or  silicon  dioxide,  lateral  growth  should  be  superior  to  that  obtained  by  MBE  or  OMCVD 
in  which  the  sticking  coefficient  of  gallium  is  essentially  unity. 
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Figure  4-4.  Capacitance- voltage  plot  for  •  control  aamplo,  and  for  aamplaa  reecttva-ion  atchad 
In  CF4  at  260.  600,  and  700  V. 


The  basic  design  of  the  reactor  is  a  conventional  AsCl3-GaAs-H2  system  used  to  grow 
GaAs  epitaxial  layers  at  700°  to  750°C.  The  most  important  modification  for  low  tempera¬ 
ture  growth  is  the  addition  of  ASH3  to  the  gas  flow  over  the  GaAs  source.  Results  of 
experiments  with  epitaxial  films  grown  with  and  without  AsH3  indicate  that  the  films  grown 
with  AsH3  have  superior  properties. 

The  GaAs  substrates  used  in  this  study  were  oriented  5°  off  of  the  [100]  direction 
toward  [111].  The  substrates  used  for  measuring  growth  rate  and  carrier  concentration  of  the 
epitaxial  films  were  n+  silicon-doped,  while  the  van  der  Pauw  measurement  films  were  grown 
on  Cr-doped,  semi-insulating  substrates.  After  growth,  the  thickness  and  carrier  concentration 
of  the  epitaxial  films  were  determined  using  C-V  measurements  made  with  a  mercury-probe 
Schottky  barrier.  For  epitaxial  films  thicker  than  1  pm,  the  thickness  was  measured  from  a 
stained,  cleaved  cross  section. 

The  epitaxial  growth  process  can  be  discussed  in  terms  of  the  effects  of  four  variables: 
AsC13  partial  pressure,  AsH3  partial  pressure,  GaAs  source  temperature,  and  dopant  partial 
pressure.  A  series  of  epitaxial  GaAs  films  were  grown  with  a  constant  source  temperature 
and  a  partial  pressure  of  AsCl3  that  varied  by  a  factor  of  40.  The  growth  rate  was  found 
to  vary  by  less  than  30%  when  comparing  samples  with  a  similar  ratio  of  P(AsH3)/ 

P(AsC13).  However,  a  factor-of-3  increase  in  this  ratio  resulted  in  a  40-percent  decrease  in 
growth  rate.  This  leads  to  the  interesting  conclusion  that,  as  long  as  P(AsH3)/P(AsC13)  is 
held  constant,  the  AsC13  partial  pressure  is  a  noncritical  variable  in  determining  the  growth 
rate,  while  varying  P(AsH3)/ P(AsC13)  with  AsC13  partial-pressure  constant  produces  a  large 
effect  on  growth  rate.  This  is  indicated  by  the  data  of  Figure  4-5  which  shows  the  growth 
rate  as  a  function  of  combined  AsH3  and  AsC13  partial  pressures  for  three  GaAs  source 
temperatures  and  a  constant  AsC13  partial  pressure. 

The  growth  rate  as  a  function  of  source  temperature  is  shown  in  Figure  4-6  for  two 
AsH3  partial  pressures.  As  expected,  a  higher  source  temperature  increases  the  level  of  GaCl, 
thereby  increasing  the  growth  rate.  The  saturation  in  the  growth  rate  with  increasing  source 
temperature  is  due,  we  believe,  to  nucleation  of  GaAs  on  the  reactor  quartzware. 

The  dependence  of  carrier  concentration  in  the  layers  upon  the  partial  pressure  of  H2S 
was  as  expected.  An  increase  in  dopant  partial  pressure  produces  an  increase  in  carrier  con¬ 
centration.  The  concentration  of  dopant  gas  required  for  a  given  carrier  concentration  was 
similar  to  concentrations  required  at  growth  temperatures  in  the  700°  to  750°C  range. 

The  carrier  concentration  was  also  found  to  depend  on  the  source  temperature  and 
AsH3  partial  pressure.  A  reduction  in  carrier  concentration  with  increasing  source  tempera¬ 
ture  is  shown  in  Table  4-4  for  a  constant  AsC13  partial  pressure  at  1.4  X  1()-3  atm.  Since 
the  higher  source  temperature  causes  a  higher  growth  rate  (as  shown  in  Figure  4-6)  while 
the  arrival  rate  of  sulfur  remains  constant,  the  sulfur  concentration  per  unit  volume  is 
reduced.  The  effect  of  the  AsH3  concentration  on  the  carrier  concentration  is  given  in 
Table  4-5  for  a  constant  AsC13  partial  pressure  of  1.4  X  10*3  atm.  The  increase  in  doping 
of  the  epitaxial  films  with  higher  AsH3  levels  is  due  in  part  to  the  decreasing  growth  rate. 
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Figure  4-5.  Epitaxial  growth  rata  as  a  (unction  of  combined  partial  pressures  of  AsH3 
and  ASCI3  for  various  GaAs  source  temperatures. 

However,  impurities  in  the  ASH3  (such  as  GeH4)  may  also  contribute  to  the  dependence  of 
carrier  concentration  on  the  AsH3  partial  pressure.  One  conclusion  from  these  data  is  that 
the  lowest  possible  AsH3  partial  pressure  is  desirable  when  trying  to  obtain  high-purity 
films.  There  is,  however,  a  lower  limit  for  the  AsH3  pressure  where  the  surface  morphology 
and  electrical  properties  degrade  drastically. 

To  measure  the  electron  mobility  of  GaAs  films,  thicker  layers  (1.5  to  3  /xm)  were 
grown  on  semi-insulating  substrates.  After  fabricating  four  ohmic  contacts  by  alloying  tin 
into  the  GaAs,  the  carrier  concentration  and  Hall  electron  mobility  were  then  calculated 
from  van  der  Pauw  measurements.9  Measurements  were  made  on  films  grown  at  a  source 
temperature  of  665°C,  an  AsH3  partial  pressure  of  3.9  X  10'2  atm,  and  an  AsC13  partial 
pressure  of  1.4  X  10‘3  atm.  For  an  n-type  epitaxial  GaAs  film  with  a  carrier  concentration 
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Figure  4-6.  Epitaxial  growth  rata  aa  a  function  of  GaA*  to  urea  tampareture  for  a  constant 
ASCI3  partial  pressure  and  two  A1H3  partial  pressures. 


of  1.2  X  1017  cm'3,  the  room-temperature  and  liquid-nitrogen  mobilities  were  3900  and 
4200  cm2/V-s,  respectively.  Several  n-type  layers  with  carrier  concentrations  in  the  range  5.6 
to  6.9  X  1016  cm'3  were  found  to  have  room-temperature  Hall  mobilities  in  the  range  4300 
to  4100  cm2/V-s  and  liquid-nitrogen  mobilities  in  the  range  6000  to  5500  cm2/V-s.  For  the 
sample  with  a  carrier  concentration  of  5.6  X  1016  cm'3  and  a  77  K  Hall  mobility  of 
6000  cm2/V-s,  the  total  ionized  impurity  concentration  (ND  +  NA)  was  calculated10  to  be 
1.3  X  1017  cm'3,  which  corresponds  to  40-percent  compensation  (NA/ND).  This  compensa¬ 
tion,  calculated11  from  the  liquid-nitrogen  mobility,  compares  well  with  the  43-percent  com¬ 
pensation  calculated  from  the  room-temperature  mobility. 

It  has  been  shown  that  VPE  growth  of  GaAs  at  500°  C  using  chloride  transport  is  pos¬ 
sible.  The  epitaxial  films  have  free  carrier  concentrations  useful  for  device  applications  and 
reasonable  mobilities  for  n-type  GaAs.  Specular  surfaces  are  routinely  achieved  for  epitaxial 
films  grown  at  500°C  for  sufficiently  high  AsH3  partial  pressures.  On  the  other  hand,  low 


TABLE  4-4 

Carrier  Concentration  Dependence  on  Dopant  Partial  Pressure 


Carrier 

Concentration 

(1016cm-3) 


Sample 

Number 

GaAs  Source 
Temperature 
(°C) 

P(AsH3) 
|10-3  atm) 

P(H2S> 
{10"9  atm) 

12 

610 

39 

50 

14 

620 

39 

50 

18 

630 

67 

50 

13 

610 

67 

50 

15 

620 

67 

50 

25 

620 

67 

50 

TABLE  4-5 

Carrier  Concentration  Dependence  on  Arsine  Partial  Pressure 


Sample 

Number 

GaAs  Source 
Temperature 
(°C) 

P(AsH3) 

(1  O’3  atm) 

12 

610 

39 

13 

610 

67 

14 

620 

39 

15 

620 

67 

19 

630 

30 

20 

630 

67 

21 

630 

78 

22 

630 

83 

P(H2S) 
(10‘9  atm) 

Carrier 

Concentration 
(1018cm  3) 

50 

3.7 

50 

6.2 

50 

3.0 

50 

5.4 

ASH3  partial  pressures  result  in  GaAs  films  with  large  trap  levels  and  surfaces  marred  by 
hillocks  and  vapor-liquid-solid  growth  whiskers.  Growth  rates  from  0.5  to  1.5  ^m/h  were 
obtained,  with  the  maximum  growth  rate  of  high-quality  GaAs  limited  to  1.5  ^m/h  by,  we 
believe,  nucleation  on  the  quartz  reactor  walls. 

K.B.  Nichols 

C.O.  Bozler 

4.4  LARGE-AREA  ION-BEAM- ASSISTED  ETCHING  OF  GaAs  WITH  HIGH 

ETCH  RATES  AND  CONTROLLED  ANISOTROPY 

Ion-beam-assisted  etching  (IBAE)  is  an  anisotropic  dry-etching  technique  in  which  the 
sputter  etching  component  of  an  ion  beam  and  the  chemical  etching  component  of  a  reac¬ 
tive  gas  flux  are  independently  controlled.  The  results  reported  here  are  achieved  with  an 
improved  IBAE  system  which  was  designed  to  etch  GaAs  for  device  fabrication.  The  IBAE 
system,  shown  schematically  in  Figure  4-7,  consists  of  a  2.5-cm  Kaufman  ion  source,  one  or 
more  gas  jets,  and  a  liquid-nitrogen  cold  trap.  This  system  is  similar  to  earlier  reported 
units12’13  with  the  exception  of  the  addition  of  a  cold  trap.  This  trap  efficiently  pumps  the 
unused  reactive  gas  from  the  jets,  and  the  reaction  products  from  the  etching  process.  This 
enhanced  pumping  makes  it  possible  to  flood  the  sample  with  a  reactive  gas  flux  equivalent 
to  a  pressure  of  2  X  10-2  Torr,  while  maintaining  a  chamber  pressure  in  the  1  X  1(H  Torr 
range,  which  is  necessary  for  the  operation  of  the  ion  source. 

Reactive  fluxes  equivalent  to  pressures  in  the  range  of  1  X  10*3  to  2  X  10-2  Torr  are 
important  to  minimize  surface  damage  during  etching,13*14  to  control  the  etching  uniformity, 
and  to  obtain  rapid  etching  rates.  Ion-beam  sputtering  is  known  to  damage  crystal  surfaces, 
and  the  addition  of  a  Cl2  flux  has  been  shown  to  reduce  this  damage  significantly.  With 
the  improved  IBAE  system,  and  better  control  of  the  reactive  flux,  the  surface  damage  has 
been  reduced  further.  The  etching  rate  of  GaAs  varies  with  the  reactive  Cl2  flux.  For  reac¬ 
tive  pressures  less  than  1  X  10"3  Torr  the  etching  rate  is  a  strong  function  of  the  reactive 
flux,  and  small  variations  in  the  reactive  flux  can  cause  considerable  variations  in  the  etch¬ 
ing  rate  over  the  sample  surface.  To  avoid  this  difficulty,  the  etching  is  usually  performed 
at  reactive  pressures  in  excess  of  2  X  10*3  Torr.  The  additional  pumping  speed  of  the  cold 
trap  allows  for  uniform  coverage  of  the  sample  with  reactive  flux  at  equivalent  pressures  in 
excess  of  2  X  10-3  Torr,  making  it  possible  to  etch  5-cm-diam  wafers  and  obtain  ±5-percent 
uniformity  over  a  4-cm2  area.  This  uniformity  reflects  variation  of  both  the  ion  beam  and 
the  reactive  flux  over  the  sample.  The  effect  that  ion  beam  collimation  has  on  the  etched 
structure  is  depicted  in  Figure  4-8(a-b).  An  undercut  structure  that  results  from  poor  ion- 
beam  collimation  is  illustrated  in  Figure  4-8(a).  By  increasing  the  ion  source  to  sample  dis¬ 
tance,  as  shown  in  Figure  4-8(b),  the  collimation  is  improved  and  the  undercutting  is 
reduced.  Collimation  is  determined  to  first  order  by  the  ratio  of  the  beam  diameter  at  the 
ion  source  to  the  sample-ion  source  distance.  Figure  4-9(a)  shows  the  resulting  profile 
obtained  with  a  2. 5-cm-diam  ion  beam  and  a  sample-to-source  distance  of  19  cm.  The  angular 
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Figure  4-7.  Schematic  diagram  of  IBAE  ayatam  which  conaiata  of  an  ion  source, 
one  or  more  raactiva  gaa  jata  (only  one  ahown),  and  a  cold  trap  to  pump  unuaad 
reactive  gaa  and  reaction  producta.  Stainleaa-ateel  vacuum  chamber  ia  pumped 
either  with  a  cryopump  or  a  cold  trapped  dlffuaion  pump. 

spread  of  the  ion  beam  is  about  ±4°,  which  is  approximately  equal  to  the  5°  of  undercutting 
of  the  profile.  The  profile  shown  in  Figure  4-9(b)  was  obtained  using  the  same  etching 
parameters  but  with  the  sample-to-source  distance  increased  to  45.5  cm,  resulting  in  an 
angular  spread  of  about  ±1.5°.  Structures  with  aspect  ratios  in  excess  of  40:1  have  been 
etched  with  this  increased  sample-to-source  distance  and  reactive  fluxes  equivalent  to  2  X 
10*2  Torr.  Figure  4-10  shows  a  profile  obtained  in  GaAs  with  an  aspect  ratio  in  excess 
of  10:1. 

The  IBAE  system  reported  here  is  capable  of  etching  up  to  5-cm-diam  wafers  with  an 
etching  uniformity  of  ±5  percent  over  a  4-cm2  area.  The  independent  control  of  the  ion 
beam  and  the  reactive  flux  makes  it  possible  to  etch  extremely  high  aspect  ratio  structures 
with  minimal  surface  damage  to  GaAs  substrates.  Etching  rates  of  5  to  10  n m  min.'1  are 
easily  obtainable,  making  it  possible  to  etch  substrate  througholes  in  a  few  minutes.  This 
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Figure  4-10.  Scanning  electron  micrograph  of  a  GaAs  sample  etched  under  same  conditions 
as  sample  shown  in  Figure  4-9(b).  Grating  is  etched  to  about  a  1.6-pm  depth. 

system,  which  is  discussed  in  more  detail  elsewhere,15  is  presently  being  used  to  etch  submi 
crometer  structures  for  devices. 

G.A.  Lincoln  S.  Pang 

M.W.  Geis  N.N.  Efremow 


4.5  SUBMICROMETER  GATES  FOR  FIELD-EFFECT  TRANSISTORS 

Submicrometer-gate  FETs  have  previously  been  fabricated  using  scanning  electron-beam 
lithography.16  Although  electron-beam  lithography  is  widely  used  in  the  research  commu¬ 
nity,17’18  there  has  been  an  increased  effort  in  commercial  companies19’20  to  develop  the  ca¬ 
pability  for  fabricating  submicrometer-gate  FETs  using  conventional  lithography.  The  driving 
force  is  to  produce  low-cost  and  high-performance  devices  for  microwave  applications. 

These  objectives  are  common  to  GaAs  monolithic  circuits  under  development  here.  For 
this  reason  we  are  investigating  several  techniques  for  producing  submicrometer  gates.  One 
promising  approach  is  the  use  of  deep  ultraviolet  lithography  for  the  replication  of  submi¬ 
crometer  features.  In  this  technique,  patterns  are  defined  on  a  quartz  mask  and  replicated 


on  a  GaAs  wafer  coated  with  a  layer  of  PMMA.  This  operation  is  performed  using  a  con¬ 
tact  printer  constructed  here,  which  consists  of  an  alignment  module  and  a  deep  ultraviolet 
light  source  with  output  wavelengths  in  the  200-nm  region.  An  example  of  a  submicrometer 
gate  is  shown  in  Figure  4-11.  The  “T’-shaped  cross  section  is  fabricated  by  means  of  a  lift¬ 
off  process,  and  its  purpose  is  the  reduction  of  gate  resistance. 


Figure  4-11.  Submicrometer  T-shaped  gate  fabricated  using  deep  ultraviolet  lithography. 

Another  approach  is  to  reduce  the  size  of  features,  defined  using  conventional  lithog¬ 
raphy,  by  using  a  special  process  sequence.  Such  unconventional  processing  techniques  are 
not  yet  fully  proven.  The  scanning  electron  micrograph  in  Figure  4-12  shows  an  example 
of  a  plated  and  recessed  submicrometer-gate  FET.  Devices  fabricated  using  this  process 
sequence  have  been  tested,  and  RF  results  are  shown  in  Figure  4-13.  Maximum  stable  gain 
and  maximum  available  gain  are  plotted  as  a  function  of  frequency.  The  maximum  available 
gain  of  6.5  dB  at  18  GHz  shows  promise,  although  further  development  of  the  process  is 
necessary. 

A.  Chu  D.J.  Burrows 

L.J.  Mahoney  W.J.  Piacentini 
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Figure  4-12.  Plated  and  recessed  submicrometer-gate  FET. 


4.6  PLANAR  GaAs  PIN  PHOTODIODE  WITH  PICOSECOND  TIME  RESPONSE 


The  development  of  optical  signal  processing  and  optical  communication  systems  has 
created  the  need  for  ultrafast  photodetectors  to  achieve  high  data  rates.  Very  fast  response 
times  have  been  obtained  with  GaAs  Schottky  photodiodes.21  Here,  we  report  the  develop¬ 
ment  and  characterization  of  a  high-speed  planar  GaAs  PIN  photodiode  which  exhibits  an 
impulse  response  of  19-ps  FWHM  to  4-ps  pulses  from  a  near-infrared  laser.  Because  of  its 
design  characteristics,  the  photodiode  is  ideally  suited  for  fiberoptic  coupling  of  the  light 
directly  into  the  intrinsic  layer.  Since  the  device  has  planar  contacts,  it  can  easily  be  inte¬ 
grated  into  optoelectronic  circuits. 

As  illustrated  in  Figure  4-14,  the  planar  diode  is  fabricated  on  a  semi-insulating  GaAs 
substrate  on  which  a  sequence  of  active  layers  has  been  grown  in  a  vapor-phase-epitaxial 
reactor.  The  2-^m-thick  intrinsic  layer  has  an  n-type  background  concentration  of  1013  cm1. 
The  device  is  isolated  by  means  of  mesa  etching  and  proton  bombardment.  This  permits  the 
subsequent  fabrication  of  large  planar  electrodes  that  access  the  small  anode  and  cathode 
contacts  of  the  device,  a  configuration  that  is  essential  for  obtaining  low  parasitic  capaci¬ 
tances.  In  the  high-speed  test  package,  the  large  electrodes  are  bonded  to  50-fl  microstrip 
lines  which  are  connected  to  SMA  microstrip  launchers.  The  photosensitive  area  not  covered 
by  metal  measures  300  pirn2.  The  capacitance  of  the  device  is  ~15  fF,  and  the  carrier  tran¬ 
sit  time  through  the  intrinsic  layer  is  estimated  to  be  20  ps.  The  photodiode  has  a  reverse 
breakdown  voltage  in  excess  of  25  V;  however,  the  device  can  be  operated  at  a  low  reverse 
bias  voltage  of  1  to  2  V. 


OHMIC  CONTACT 
CATHODE 


OHMIC  CONTACT 
ANODE 


MICROSTRIP  CIRCUIT 
PLATED  GOLD 


P  I  N 


GaAs  SEMI-INSULATING  SUBSTRATE 


PROTON-BOMBARDED 

REGION 


Figure  4-14.  Cross  section  of  plensr  GaAs  PIN  photodiode. 
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Figure  4-15.  Impulse  response  of  planar  GaAs  PIN  photodiode 
biesed  at  -1.5  V. 

The  time  response  of  the  device  has  been  measured  using  the  near-infrared  pulses  from 
a  synchronously  pumped  oxazine  750  dye  laser.  Figure  4-15  shows  the  impulse  response  of 
the  photodiode  to  a  4-ps  laser  pulse  at  X  =  757  nm  as  monitored  with  a  sampling  oscillo¬ 
scope  having  a  25-ps  rise  time.  Because  of  the  limited  time  resolution  of  the  instrument,  the 
observed  pulse  is  broadened  to  a  FWHM  of  45  ps.  To  improve  the  time  resolution,  a 
picosecond  optoelectronic  correlation  technique22  was  employed.  The  photodiode  was  attached 
to  a  special  50-fl  microstrip  circuit  which  contained  a  photoconducting  sampling  gate  fabri¬ 
cated  from  amorphous  Si.  This  measurement  technique  gives  the  correlation  function  of  the 
photodiode  time  response  and  the  17.5-ps  aperture  time  of  the  photoconductive  gate,  the 
latter  having  been  calibrated  in  a  separate  experiment.  The  correlation  trace  shown  in  Fig¬ 
ure  4-16  has  a  FWHM  of  26  ps.  This  yields  a  value  of  19  ps  [\J(2 6)2  —  (I7.5)2  ps]  for 
the  FWHM  impulse  response  of  the  planar  GaAs  PIN  photodiode  to  the  4-ps  dye-laser 
pulses  at  X  =  757  nm.  The  external  quantum  efficiency  of  the  photodiode,  biased  at  -1.5  V, 
was  found  to  exceed  10  percent  within  the  740-  to  820-nm  tuning  range  of  the  dye  laser. 
The  generated  photocurrent  increases  linearly  with  the  impinging  light  intensity.  The  observed 
results  suggest  that  the  measured  impulse  response  is  transit  time  limited.  Theoretical  analysis 
of  PIN  diode  operation  based  upon  the  material  parameters  of  GaAs  indicates  that  even 
faster  impulse  response  and  better  sensitivity  can  be  achieved  by  optimizing  the  device 
design. 

W.  Lenth  R.W.  McClelland 

W.E.  Barch  R.W.  Mountain 

A.  Chu  D.J.  Silversmith 

L.J.  Mahoney 
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5.  ANALOG  DEVICE  TECHNOLOGY 


I 

5.1  INTEGRATION  OF  MULTIPLE  ELASTIC  CONVOLVERS 

INTO  A  COMMUNICATION  SIGNAL  PROCESSOR 

High-performance  monolithic  elastic  convolvers  with  100-MHz  bandwidth  have  been 
|  developed  for  operation  in  a  prototype  spread-spectrum  communication  network.  The  system 

provides  90-kHz  and  1.4-MHz  data  rates  for  different  system  environments.  To  process  sig¬ 
nals  at  these  respective  rates,  different  convolvers  are  provided.  Long  (22-ms)  devices  provide 
30  dB  of  processing  gain  at  the  low  data  rate  for  high-noise  environments,  and  short 
(1.4-/us)  convolvers  are  used  in  low-noise  environments  for  high-data-rate  communication. 

The  long  convolvers  use  ,  segmented  output  electrode  for  differential-phase-shift-keyed 
(DPSK)  data  demodulation.1-2  In  DPSK,  the  data  are  coded  by  a  0°/180°  phase  flip 
between  adjacent  waveform  segments.  The  interaction  region  of  the  convolver  spans  two 
11 -MS  segments.  The  reference  must  be  applied  as  a  time-reversed  waveform  22  ms  long.  A 
single  convolver  can  provide  only  one  bit  decision  every  22  ms  by  comparing  its  two  out¬ 
puts  and,  therefore,  two  convolvers  are  required  with  time-staggered  references  to  provide 
continuous  output  at  a  90-kHz  rate. 

The  precise  time  of  arrival  for  signal  components  has  uncertainty  because  of  direct  and 
multiple-indirect  transmission  paths  (“multipath”).  While  an  uncertainty  of  the  order  of  1  m s 
causes  minor  degradation  in  the  long-convolver  output,  it  prevents  the  use  of  the  same 
DPSK  demodulation  scheme  with  the  short  convolver.  Binary  orthogonal  keying  (BOK)  was 
selected  for  modulation  in  the  high-date-rate  mode.  Each  700-ns  block  is  coded  by  a 
0°/180°  phase  flip  at  midpoint,  and  separate  convolvers  with  flipped  ahd  unflipped  refer¬ 
ences  are  required  for  demodulation.  As  with  the  long  convolvers,  two  sets  are  required  for 
continuous  output  for  a  total  of  four  short  convolvers. 

The  four  short  and  two  long  convolvers  are  connected  through  a  PIN-diode  switch 
matrix  which  provides  data-rate  mode  selection  as  well  as  commutation  for  continuous 
output.  This  switch  matrix  and  the  six  convolvers  have  been  integrated  into  one  modular 
package. 

A  photograph  of  the  long-convolver  subassembly  is  shown  in  Figure  5-1.  A  single  signal 
port  on  the  left  of  the  housing  drives  input  transducers  for  two  identical  dual-track  con¬ 
volvers.3  The  reference  transducers  are  driven  through  separate  matching  circuits  to  permit 
independent  application  of  those  waveforms.  Each  LiNb03  convolver  includes  a  pair  of  elec¬ 
trically  orthogonal  signal/ reference  transducers  at  opposite  ends  of  the  substrate.  The  trans¬ 
ducers  are  slightly  chirped  to  compensate  for  waveguide  dispersion.  They  drive  the  dual-track 
waveguide  structure  through  two  pair  of  0.5-MS-long  parabolic-horn  beam-width  compressors. 
The  waveguide  of  the  dual-track  convolver  is  three  wavelengths  wide,  segmented  into  two 
11 -MS-long  sections  with  eight  equally  spaced  output  taps  on  each  section.  The  taps  from 
one  waveguide  are  parallel  bonded  to  a  low-impedance-output  summing  bus  while  the 


■ff'l 


_  3  \HCVAtS 


-Ik 


.  M  ' 


■V  '■  • ' 


Figure  5-1.  Long-convolver  subassembly. 


adjacent  waveguide  is  grounded.  KMl-impedance  coaxial  lines  from  the  summing  buses  pro¬ 
vide  impedance  matching  to  the  input  ports  of  sum-difference  hybrids  incorporated  into  the 
package  for  continuous  DPSK  demodulation.  The  convolver  features  summarized  here  were 
developed  to  suppress  self-convolution,  minimize  phase  dispersion,  reduce  long-line  effects  in 
the  output  circuit,  and  to  simplify  output  matching.  The  concepts  and  early  results  have 
been  described  previously  in  detail. 

The  short-convolver  subassembly  is  shown  in  Figure  5-2.  Four  1.4-^s-long  convolvers  are 
shown  in  the  lower  view.  The  signal  input  transducers  near  the  center  of  the  substrate  are 
parallel  connected  in  pairs,  and  driven  simultaneously  through  the  power  divider.  The  sepa¬ 
rate  reference  transducers  are  matched  to  50  il  using  1  4-wavelength  microstrip  impedance 
inverters.  Fach  of  the  four  l.4-/is-long  convolver  segments  is  connected  to  one  of  the  four 
output  ports  through  a  series  tuning  inductor.  Short-convolver  design  features  are  carried 
over  from  the  long-convolver  design,  and  fabrication  details  differ  only  in  the  thicker  metal¬ 
lization  of  the  waveguide.  I  he  added  phase  dispersion  caused  by  the  increased  mass  loading 
of  the  short  waveguide  section  is  compensated  by  the  sam  slightly  chirped  transducers 
designed  for  the  long  convolver,  thereby  simplifying  production. 


Figure  5-2.  Short-convolver  subassembly. 

The  upper  view  in  Figure  5-2  shows  input/ output  pin  connections  on  the  underside  of 
the  device  package.  When  plugged  into  the  module,  this  pin  arrangement  provides  a  low- 
profile  board  assembly.  For  preliminary  testing  and  matching  of  the  convolvers,  shield  hous¬ 
ings  are  available  which  conveniently  mate  with  the  pins  to  provide  standard  SMA 
connectors. 

Table  5-1  summarizes  the  measured  device  characteristics  of  the  long  and  short 
convolvers. 

Consistent  with  a  compact  radio-receiver  design,  all  convolvers  were  mounted  on  a  sin¬ 
gle  printed-circuit  module  containing  the  associated  commutating  and  mode-selection  switch 
matrix.  Convolver  input  and  output  locations  on  the  board  were  chosen  to  minimize 
feedthrough. 

The  convolvers  described  above  are  high-performance  devices.  In  order  not  to  degrade 
this  performance,  the  module  circuit  performance  criteria  were  set  as  in  Table  5-2. 

A  block  diagram  of  the  switching  matrix  is  shown  in  Figure  5-3.  A  hybrid  power  split¬ 
ter  provides  a  continuous  signal  input  to  all  convolvers.  The  loss  of  input  sipnal  level  by 
this  power  division  is  compensated  by  amplification  rather  than  switching  to  minimize 
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TABLE  5-1 

Elastic  Convolver  Characteristics 


Long 

Short 

Center  Frequency  (MHz) 

300 

300 

Bandwidth  (3  dB)  (MHz) 

100 

100 

Deviation  from  Linear  Phase  (deg) 

<T30 

<*30 

Efficiency  (dBm) 

-72 

-73 

Dynamic  Range*  (dB) 

59 

58 

Self-Convolution  Suppression  (dB) 

>40 

>36 

Interaction  Uniformity 

Amplitude  (dB) 

T0.5 

TO.  5 

Phase  (Time  Domain)  (deg) 

<T5 

<T5 

t  Above  thermal  noise  floor  with  input  powers  at  +20  dBm. 


TABLE  5-2 

Module  Performance  Characteristics 

Isolation  1 

Input  —  Input 

>60  dB 

Input  —  Output 

>60  dB 

Switch  Characteristics 

ON  Insertion  Loss 

CI.OdB 

OFF  Isolation 

>40  dB 

Passband  Ripple 

<1 .0  dB 

Input  Power  Level 

+23  dBm 

Second-Harmonic  Generation 

<60  dBc 

Switching  Speed 

Commutation 

<10  ns 

Mode 

<1  ms 

Filtering  j 

Output  Rejection  of  300  MHz 

>30  dB 

Phase  Variation 

<10° 

Output  Amplification 

>20  dB 
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LONG  CONVOLVERS 


complexity  with  no  sacrifice  in  performance.  The  mode  switches  are  used  to  select  high  or 
low  data  rates,  i.e.,  short  or  long  convolvers,  and  switch  both  input  references  as  well  as 
outputs.  The  reference  commutation  is  provided  only  to  the  short  convolvers. 

The  stripline  module  which  integrates  the  convolvers,  switches,  switch  drivers,  filters,  and 
amplifiers  is  shown  in  Figure  5-4.  It  is  a  five-layer  module,  7  X  7  in.  square.  Two  signal 
planes  sandwiched  between  three  ground  planes  routing  all  signals  from  convolvers  to 
switches  provide  the  required  isolation  and  filtering.  All  power  and  switching  signals  are 
entered  via  an  edge  connector;  all  the  radio-frequency  signals  are  entered  through  SMA 
connectors  on  the  opposite  end  of  the  module. 


Figure  6-4.  Convolver  module  eetembly. 


The  inputs  to  the  convolvers  are  100  MHz  in  bandwidth,  centered  at  300  MHz.  The 
uncorrelated  convolver  output  is  a  low-level  (-60-dBm)  signal,  200  MHz  in  bandwidth,  cen¬ 
tered  at  600  MHz.  Therefore,  it  is  essential  to  maintain  good  input/ output  isolation  on  the 
module. 
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It  is  also  important  to  have  low  switch  insertion  loss,  since  it  adds  directly  to  the  noise 
figure  of  the  module  and  subtracts  from  the  dynamic  range. 

Additionally,  switch  speed  directly  affects  implementation  loss  as  (T  -  r)/T,  where  r  is 
the  switching  time  and  T  is  the  length  of  the  coded  waveform.  The  switching  time  is  10  ns 
and  the  waveform  length  is  700  ns  for  the  short  convolver.  This  contributes  a  loss  of  only 
0.062  dB  for  the  short  convolver. 


Figure  6-5.  Short-convolver  correlation  waveform. 

Correlation  waveforms  for  the  short  and  long  convolvers  are  shown  in  Figures  5-5  and 
5-6,  respectively.  All  output  pairs  vary  by  less  than  1.0  dB.  Stationary  time  sidelobes  exist 
because  a  repeated  pseudorandom  code  was  used  for  tests.  Preliminary  measurements  of 
correlation-peak/ sidelobe  rms  ratios  are  29.8  dB  for  the  long  convolver  and  16.5  dB  for  the 
short  convolver,  close  to  the  theoretical  values. 

V.S.  Dolat 
G.T.  Flynn 

5.2  CONCEPT  FOR  A  HOLOGRAPHIC-GRATING  BULK-ACOUSTIC-WAVE 
REFLECTIVE-ARRAY  DEVICE 

Surface-acoustic-wave  (SAW)  grating  devices  are  finding  extensive  application  as  RF 
signal-processing  elements.  It  has  become  evident  that  SAW  devices  are  limited  in  bandwidth 
to  about  1  GHz  by  a  number  of  fundamental  factors4  such  as  dispersion  and  loss  due  to 
surface  defects,  propagation  loss  due  to  phonon  scattering,  and  photolithography  feature  size 
limitations. 
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Figure  6-6.  Long -con volvsr  correlation  wavaforrn. 


We  propose  a  new  class  of  acoustic  reflection-grating  devices  which  employ  bulk  acous¬ 
tic  waves  (BAW)  instead  of  surface  waves,  and  which  employ  a  reflection  grating  within  the 
bulk  crystal  made  by  the  optical  holographic  technique5  of  interfering  two  coherent  light 
beams  within  the  crystal,  as  seen  in  Figure  5-7.  An  optical  phase  hologram  can  be  formed 
in  LiNb03,  and  once  the  hologram  is  established  the  laser  illuminator  is  removed.  If  the 
material  is  kept  in  the  dark,  the  hologram  will  be  stored  indefinitely.  The  stored  hologram 
can  interact  with  an  acoustic  wave  by  means  of  the  electroacoustic  effect,  where  the  stored 
electric  field  causes  changes  in  the  acoustic  velocity.6  In  the  simplest  case,  a  periodic  holo¬ 
gram  forms  a  narrow-band  reflector,  and  a  bandpass  filter  becomes  possible  as  illustrated  in 
Figure  5-7.  The  acoustic  wave  does  not  degrade  the  stored  grating,  and  the  acoustic  proper¬ 
ties  are  expected  to  be  essentially  constant  for  years  with  properly  stored  holograms.  The 
hologram,  however,  could  be  erased  with  light  and  rewritten  at  any  time  to  reprogram  the 
filter  function.  BAW  devices  can  operate  at  higher  frequencies  and  therefore  higher  band- 
widths  than  SAW  devices7  (bandwidths  approaching  5  GHz  are  possible).  Also,  BAWs  have 
lower  loss,  are  insensitive  to  surface  effects,  and  require  no  extensive  photolithography. 

We  can  estimate  the  strength  of  the  acoustic  reflection  in  LiNbOj  using  our  previously 
measured  values  of  the  electroacoustic  coefficients.8  We  assume  a  simple  periodic  grating 
created  by  the  interference  of  two  uniform,  plane  light  waves  of  the  same  wavelength.  We 
also  assume,  as  reported  in  the  literature,9  that  the  stored  electric  field  of  the  hologram  is 
50  kV/cm.  The  incident  acoustic  bear  is  at  the  Bragg  wavelength  and  at  normal  incidence 


5-7.  BuBi -acoustic- wave  grating  reflector.  Stored  orating  is  created  by  interference  of  two  later  beams.  Incident 
ic  beam  strongly  interacts  with  grating  in  a  narrow  frequency  band,  thus  forming  a  bandpass  filter. 


to  the  grating.  If  we  neglect  loss  and  depletion  effects,  the  total  reflection  { T|  from  the  grat¬ 
ing  is  given  by8 


in  . 


where  N  is  the  number  of  periods  in  the  grating,  Ap/p  is  the  relative  change  in  density  of 
the  medium,  and  Av/v  is  the  relative  change  of  velocity  of  the  acoustic  wave  caused  by  the 
stored  hologram.  The  density  change  Ap/p  can  be  calculated  from  the  piezoelectric  coeffi¬ 
cient,  and  Av/v  is  obtained  from  the  measured  electroacoustic  coefficient.  An  estimate  of  |T| 
for  a  grating  in  LiNbC>3  at  50  kV/cm  stored  field  is 

|  r  |  =  2.7  X  lO"-4  N 

This  implies  that  for  N  of  order  104,  an  acoustic  wave  would  experience  full  depletion. 

Thus,  the  reflections  are  strong  enough  that  useful  grating  devices  are  feasible.  This  simple 
result  is  borne  out  by  a  more  rigorous  coupled-wave  calculation.  Figure  5-8  shows  the  result 
of  coupled-wave  calculations10  for  the  acoustic  reflection  coefficient  (i.e.,  ratio  of  the  acoustic 
field  strength  of  the  reflected  acoustic  beam  to  that  of  the  incident  field  strength)  for  the 
case  of  a  grating  of  length  1  cm,  assuming  50  kV/cm  peak  stored  fields  and  a  center  fre¬ 
quency  of  750  MHz.  The  flattening  in  the  passband  of  |T  |2  in  Figure  5-8  is  caused  by  large 
depletion  effects,  indicating  a  very  strong  interaction  of  the  bulk  longitudinal  wave  with  the 
grating. 

Clearly,  the  next  step  is  the  fabrication  of  a  holographically  stored  grating  device  based 
on  the  principles  presented  above.  Efforts  to  this  end  are  now  under  way. 


D.E.  Oates 
P.G.  Gottschalk 
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